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Cover

The images on the cover are a pair of veliger larvae.

They developed from fertilized eggs of Tectuni

scutum, a patellogastropod (true limpet), were

maintained at 12 C, and were photographed at two

different stages during their pelagic development.
The larva on the left, at 46 hours after fertilization,

has neither undergone ontogenetic torsion nor com-

pleted the secretion of its protoconch (embryonic
shell). The one on the right, at 62 hours after

fertilization, has completed both torsion and the

secretion of its pre-metamorphic shell. Nonfeeding
larvae of T. scutum become competent to metamor-

phose about 7 days after fertilization [see Fig. IB

(Page. 2002), p. 10 this issue].

The apical epidermis of the left-hand larva, located

within the ring of locomotory cilia, bears a long

apical ciliary tuft. The cells generating this tuft are

intimately associated with the neurons of a putative

larval sensory structure, the apical ganglion. Shortly
after ontogenetic torsion, the long apical ciliary tuft

is lost (right-hand larva), and the three large cells

that gave rise to it also disappear from the apical

epidermis.

Larvae with very long apical ciliary tufts arc char-

acteristic of patellogastropods, but this is the only

gastropod clade in which such an apical structure

appears. But because similar structures do arise

from the apical pole of larvae in many other mol-

luscan classes, and because current phylogenies

designate patellogastropods as the most basal lin-

eage of extant gastropods, the long apical ciliary

tuft is probably a plesiomorphic trait for gastropods.

Rather than an apical tuft, the larvae of other gas-

tropod clades bear, on either side of the midline of

the apical surface, a pair of multiciliated cells, each

of which generates a relatively short ciliary tuft. In

this issue of The Biological Bulletin (pp. 6-22),

Louise R. Page describes through electron mi-

croscopy and serotonin immunohistochemistry
the structure of the apical sensory organ (i.e.. the

neurons plus ciliogenic cells) in the larvae of T.

xciitiim. She reports that these larvae have, not only

an apical tuft of very long cilia, but also lateral,

multiciliated cells that produce two shorter tufts.

These short tufts are probably homologs of those in

the larvae of other gastropods. The embryonic der-

ivation of the apical sensory organs appears to be

broadly similar among all molluscs, but a clear

understanding of the developmental evolution of

this structure awaits further comparative data.

(Credit*: Photos by L. R. Page, University of Vic-

toria, British Columbia, Canada: other graphics by
Beth Liles, MBL.)
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How To Tell a Sea Monster: Molecular Discrimination

of Large Marine Animals of the North Atlantic

S. M. CARR 1

. H. D. MARSHALL 1

. K. A. JOHNSTONE 1

. L. M. PYNN 1

, AND
G. B. STENSON 2

*

Genetics. Evolution, and Molecular Systematic* Laboraton: Department of Biology. Memorial

Uiii\-i'rsit\ of Newfoundland. Si. John's. Newfoundland A1B 3X9. Ciintulti; and -Marine Mammals

Section. Science. Oceans, and Environment Branch. Department of Fisheries and Oceans.

PO Bo.\ 5667. St. John's. Newfoundland A1C 5X1. Canada

"Either we do know all the varieties of beings which people our planet, or we do not. If we do not

know them all if Nature has still secrets in the deeps for us. nothing is more conformable to reason

than to admit the existence offishes, or cetaceans of other kinds, or even of new species . . . which an

accident of some sort has brought at long intervals to the upper level of the ocean."

Jules Verne. Twenty Thousand Leagues Under the Sea. 1870

Abstract. Remains of large marine animals that wash

onshore can be difficult to identify due to decomposition

and loss of external body parts, and in consequence may be

dubbed "sea monsters." DNA that survives in such car-

casses can provide a basis of identification. One such crea-

ture washed ashore at St. Bernard's. Fortune Bay. New-

foundland, in August 2001. DNA was extracted from the

carcass and enzymatically amplified by the polymerase

chain reaction (PCR): the mitochondria! NADH2 DNA
sequence was identified as that of a sperm whale (Physeter

catodon). Amplification and sequencing ot'cryptozoological

DNA with "universal" PCR primers with broad specificity

to vertebrate taxa and comparison with species in the Gen-

Bank taxonomic database is an effective means of discrim-

inating otherwise unidentifiable large marine creatures.

Introduction

At least since the Iliad, the possible occurrence of unusu-

ally large, exotic marine creatures has exerted a powerful

hold on the human imagination. Professor A. C. Oudemans'

1892 book The Great Sea Serpent described more than 200

reports of unknown marine creatures (Ley. 1959). Ellis

Received 19 September 2001; accepted 13 November 2001.

* To whom correspondence should be addressed. E-mail: scarr@mun.ca

( 1994) gives a contemporary list. Even in the first year of a

new century when the complete human genome has become

known (International Human Genome Sequencing Consor-

tium, 2001). the possibility that entirely new, previously

unknown species may unexpectedly present themselves re-

mains tantalizing. Discovery in the last century of the first

coelacanth (Latimeria}. the "megamouth" shark (Mega-

chasma) and, most recently, a second species of coelacanth

in the waters off Sulawesi in Indonesia (Holder ef Q/., 1999)

keeps us alert to the possibility of "new varieties of beings"

in the deeps. Modern methods of phylogenetic systematics,

based on detailed morphological and molecular analyses,

have made it possible to place such discoveries in their

evolutionary context.

Morphological analysis of putative new species may be

hampered by incomplete or poorly preserved material; in

such cases, molecular biology may hold the key to natural

history. Enzymatic amplification by the polymerase chain

reaction (PCR) (Saiki el al.. 1988) of the minute amounts of

DNA persisting in ai lent or forensic biological material

has been shown to be an effective means of individual and

species identification (Herrmann and Hummell. 1994). The

extra-nuclear mitochondria! (mt) DNA genome has been

particularly valuable, as more than a decade of molecular

systematic work has provided an extensive database ("Gen-

Bank") of molecular "type" sequences for many species of
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Figure 1. "Sea monster" discovered at St. Bernard's, Fortune Bay. Newfoundland. 2 August 2001. The

maximum length of the carcass is 5.6 m. The transverse cuts were made during dissection. Note the lobes at the

rinhi-liatid end on the side tacine the camera.

marine sharks, tish. and mammals (Wheeler ct ui, 2000;

Benson et <//., 2000). Routine species identification of sub-

fossil material hundreds or thousands of years old (Hof-

reiter ct ai, 2001) is possible, as is forensic determina-

tion of questioned species in commercial products such

as salted or dried tish (S. M. Carr and H. D. Marshall,

unpubl. obs.). or processed whale meat (Baker et a/.,

1996) including that from endangered species (Palumbi

and Cipriano. 1998). We report here what appears to be

the first successful use of PCR-based recovery of DNA to

identify a "sea monster."

On 2 August 2001, residents of the community of St.

Bernard's. Fortune Bay. on the south coast of the island

of Newfoundland, were confronted with an enormous,

whitish mass of rotting flesh thai had washed up on a

local beach overnight. They contacted the Department of

Fisheries and Oceans in St. John's, who sent experts to

examine the carcass (Fig. 1). The remains were about

5.6 in long and 5.0 m wide. Neither head nor tail was

present: the carcass consisted primarily of bleached tis-

sue. The surface was rough and fringed with material

initially characterized as "hair." which upon closer in-

spection appeared to consist of abraded tissue mixed with

seaweed and sand. There were seven or eight lobes or

slits that extended roughly one-third the length of one

side from one end: the last two slits did not extend to the

outer margin. No lobes were present on the opposite side,

but tissue had evidently been lost from that side. The

remainder of the mass tapered slightly. No soft tissue or

bones were present: dissection of the side opposite the

lobes revealed a small amount of cartilage. The surface

layer retained a structure consistent with muscle, but the

interior had decomposed to an amorphous mass. Definite

identification was impossible due to the state of decom-

position and the absence of any remaining external fea-

tures. The size and general morphology were consistent

with either a large shark, such as a basking shark (Ceto-

iiiiiui\ iiiii.\inui^). or one of the several species of large

cetaceans present in Newfoundland waters. The possibil-

ity of a giant squid (Architenthis du\) was excluded due

to general morphology (Aldrich, 1991).

Materials and Methods

Scientists from the Department of Fisheries and Oceans

removed a number of pieces of tissue from just under the

exterior of the carcass. DNA was extracted in duplicate

from four pieces of tissue by a protease-based method with

a QIAamp" DNA Mini Kit (Qiagen. Inc.), according to the

manufacturer's instructions.

On the basis of the availability in GenBank of sequences

for the mitochondria! (mt) DNA NADH subunit 2 gene

(hereinafter NADH2) for a variety of shark (Naylor ct al..

1949) and whale species, we performed a series of poly-

merasc chain reaction (PCR) experiments with two forward

and reverse primer pairs that amplify a 1 103-bp region that
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includes the complete NADH2 gene as two overlapping

regions of 564 and 711 hp, respectively:

p8F: 5' aagctatcgggcccataccc 3' and

p8R: 5' tttagtcctcctcagcctcc 3'

p9F: 5' cataatcctactcacatgac 3' and

p9R: 5' cttacttagggctttgaagg 3'

PCR reactions were carried out as a two-step procedure

designed to enhance amplification of dilute DNA or ot DNA
with a poor match between template and primer. In this

strategy, an initial set of PCR cycles with dilute primers

(2.5% of usual concentration) generates a small quantity of

amplified template with ends that have an exact match to the

primers. A second phase follows, with primers at standard

concentration to produce sufficient template for sequence

analysis. In the first stage of the procedure, we prepared

25-/J.1 reactions containing IX PCR reaction buffer and 1 U

of Tail polymerase (Roche Molecular Biochemicals, Inc.),

10 nM of each primer (Cortec DNA Service Laboratories,

Inc. ), 1 00 ju/W of each deoxynucleoside triphosphate (dNTP;

Amersham Pharmacia Biotech), and 2 /xl of template DNA.

Following an initial incubation at 93 C for 3 min, samples

were taken through 23 cycles, each comprising denaturation

at 93 C for 45 s. annealing at 45 C for 45 s, a ramp from

45 C to 55 C over 45 s, and extension at 72 C for 1 min.

The last cycle was followed by a further extension at 72 C

for 10 min. In the second stage, a second 25-^.1 reaction

volume was added to each reaction tube, containing IX

PCR reaction buffer, I U T</</ polymerase, 800 nM each

primer (so as to bring the final concentration of each to 400

nMina50-ju,l volume), and 100 jmWof each dNTP. Samples

were taken through an additional 45 cycles of PCR, as

described above. All thermal manipulations were achieved

using the GeneAmp PCR System 9600 (Perkin-Elmer).

PCR product sizes were verified by electrophoresis of 5

/al of the product through 2% agarose in IX TBE buffer

followed by ethidium bromide staining. Excess primer and

nucleotides were removed from the PCR products using a

QIAquick PCR Purification Kit (Qiagen, Inc.).

DNA sequencing was accomplished by fluorescent dye-

terminator chemistry carried out on an Applied Biosystems

3700 Automated DNA sequencer (Qiagen Genomics Se-

quencing Service, Qiagen Genomics Inc.) with the same

primers that were used for amplification.

Results

No special difficulties were encountered in DNA extrac-

tion. Agarose electrophoresis of small portions of the ex-

tracted product indicated the presence of high molecular

weight DNA in all but one of the tissue samples. Amplifi-

cation with the two pairs of NADH2 primers was successful

in about one-half of trials, and produced amplification prod-

ucts of the expected size. Inspection of electrophoretic sep-

arations indicated clean hut weak amplification. Products

from three replicate amplifications of each region were

pooled for DNA sequencing.

A complete NADH2 sequence was obtained by assembly of

the overlapping forward and reverse sequences of the two

amplified regions. A BLAST search against the complete Gen-

Bank database indicated that the composite sequence had a

99.6% (1040 out of 1044 bp) match with the published

NADH2 sequence for a sperm whale (Physeter ccitmlon) (Ar-

nason et ai, 2000: GenBank accession NC002503). The four

nucleotide differences included one second codon position C

+* T transition difference that would be expected to result in a

threonine <- methionine ammo acid difference between the

GenBank type and Fortune Bay sequences, respectively. The

magnitude of the differences is consistent with expected in-

traspecific variation. The DNA sequence was submitted to

GenBank and assigned the accession number AF414I2I.

Discussion and Conclusions

The Fortune Bay "sea monster" is the carcass of a sperm

whale (Ph\si-ter catodon). Sperm whales are the largest of the

toothed whales (Odontoceti), they are not uncommon in the

waters off the southern shore of the island of Newfoundland

(Leatherwood et /., 1976), and strandings of more or less

intact whales are not infrequent (G. B. Stenson. unpubl. data).

The carcass appeal's to be a mass of decomposing muscle

tissue that has separated from the vertebral column and ribs.

The peripheral lobes, which might be mistaken for a set of

chondnchthian gill arches, are consistent with intercostal flesh.

The feathery or hairy appearance is apparently abraded tissue.

Exact postmortem age of the carcass is impossible to deter-

mine, but it is likely to have been in the water a long time.

Accounts and pictures in the popular press indicate that

carcasses resembling the one found in Fortune Bay have

washed up in several oceans of the world; some of these

have attracted international media attention. Verrill (1897)

initially described a large, whitish carcass that appeared in

St. Augustine, Florida, as a new species of giant octopus,

though he later withdrew this identification. Original news-

paper reports in 1962 of a Tasmanian creature dubbed the

"Globster" described it in the following terms: "It was

initially covered with fine hair. . . There were five or six

gill-like hairless slits on each side of the fore part. There

were four large hanging lobes in the front, and between the

center pair was a smooth, gullet-like orifice. The margin of

the hind part had cushion like protuberances . . . and each ol

these carried a single row of spines, sharp, and hard, about

as thick as a pencil and quill-like. . . |lt had| a resilient flesh

which appeared to be composed of numerous tendon-like

threads welded together in a fatty substance. . . ." (quoted in

Ellis, 1994). There was no bone. A later scientific investi-

gation reported the carcass as 8 feet long. 3 feet wide. 10
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When anatomical identification is not possible and DNA can

be recovered, effective identification of unknown marine crea-

tures begins with PCR amplification with "universal" primers

designed to be homologous to gene regions that are evolution-

arily conserved across a diversity of taxa ( Kocher ct <//.. 1 989;

Palumbi. 1996). The resultant DNA sequence can then be

compared against the complete GenBank database of the Na-

tional Center for Biotechnology Information (NCBI) |http://

www.ncbi.nlm.nih.gov] by means of a BLAST search (Alts-

chul c/ ul., 1997). This involves a simple "cut and paste"

submission of the sequence data over the Internet: an answer is

usually obtained within minutes (here, in under 30 seconds).

The search returns a set of matches, ranked in order of degree

of sequence similarity. In this case, an essentially exact match

was obtained, which indicates a positive species identification.

Were a more inexact match to be obtained, phylogenetic

analysis would be necessary to ascertain or at least narrow

species affinities among the usual suspects. The GenBank

taxonomy database currently comprises DNA sequences

from more than 50.000 species, of which more than 9600

are vertebrate species, including 1 10 Elasmobranchii and 80

Cetacea. Reference sequences for the mitochondria] NADH2

gene, the cytochrome b gene, or both are available from 3 of the

4 species of sharks and 1 of the 11 species of whales that are

found in Atlantic Canadian waters and exceed 6 m in length

(Table 1 ). Failure to obtain positive identification through

GenBank does not necessarily indicate an unknown species,

but may instead indicate a previously recognized species for

which genetic data, or data from a particular locus, are as yet

unknown. Continuing studies in marine biology and molecular

systematics will improve the range and depth of our knowl-

edge of the genetics of these species, and should provide exact

tests for future cryptozoological specimens.
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Patellogastropod Tectura scutum

LOUISE R. PAGE

Di'i'iirtmcnt of Biolof>\. University of Victoria, P.O. Box 3020 STN CSC,

Victoria. British Columbia, Canada VXW 3N5

Abstract. The apical sensory organ in veliger larvae of a

patellogastropod, a basal clade of gastropod molluscs, was

studied using ultrastructural and immimohistochemieal

techniques. Immediately before veligers of Tcctiini scutum

undergo ontogenetic torsion, the apical sensory organ con-

sists of three large cells that generate a very long apical

ciliary tuft, two cells that generate a bilateral pair of shorter

ciliary tufls. and a neural ganglion (apical ganglion). Puta-

tive sensory neurons forming the ganglion give rise to

dendrites that extend to the apical surface of the larva and to

basal neurites that contribute to a neuropil. The ganglion

includes only one ampullary neuron, a distinctive neuronal

type found in the apical ganglion of other gastropod veli-

gers. Serotonin immunoreactivity is expressed by a medial

and two lateral neurons, all having an apical dendrite. and

also by neurites within the neuropil and by peripheral neu-

rites that run beneath the ciliated prototrochal cells that

power larval swimming. The three cells generating the long

apical ciliary tuft are lost soon after ontogenetic torsion, and

the medial serotonergic cell stops expressing serotonin an-

tigenicity in late-stage veligers. The lateral ciliary tuft cells

of T. scutum may be homologs of lateral ciliary tuft cells in

planktotrophic opisthobranch veligers. A tripartite arrange-

meni of sensory dendrites, as described previously for ve-

ligers of other gastropod clades. can be recognized in T.

scutum after loss of the apical ciliary tuft cells.

Introduction

The apical sensory organ of larval gastropods has poten-

tial value for studies on patterns and mechanisms of evolu-

tionary change during development. Existing evidence, al-

beit fragmentary, suggests that at least some cellular

Received 24 May 2001. accepted I October 2001.
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components of the apical sensory organ in veliger larvae of

gastropods and in larvae of other molluscs are segregated

early in embryogenesis and have a similar pattern of em-

bryonic cell lineage (see Raven, 1966; Carney and Verdonk,

1970; Gather. 1973; van Dongen and Geilenkirchen, 1974;

Verdonk and van den Biggelaar. 1983; Dohmen. 1992;

Dictus and Damen. 1997). Studies on planktotrophic gas-

tropod veligers have shown that the apical sensory organ is

a discrete morphological unit consisting of a small neural

ganglion (apical ganglion) and. in most species examined to

date, a bilateral pair of ciliary tufts ( Kempt" et al.. 1997;

Marois and Carew. 1997a; Page and Parries, 2000). These

morphological data suggest that the apical ganglion includes

sensory neurons and peripheral neurites extending from the

ganglion innervate muscles and prototrochal cilia of the

velum. Furthermore, recent experimental research on veli-

gers of the nudibranch gastropod Phestilla sihogae has

justified the long-held belief that the apical sensory organ

detects the exogenous cue for induction of larval metamor-

phosis (Hadtield ct til., 2000).

Although the larval apical sensory organ of gastropods

should be amenable to investigations of the developmental

constraints and novelties that have interacted to produce

evolutionary differences in final morphology, the solid plat-

form of comparative data that such studies require is cur-

rently incomplete. To date, detailed morphological informa-

tion is available on the apical sensory organ ot

planktotrophic veligers of caenogastropods (Lithe, 1995;

Page and Fairies. 2000) and heterobranchs (Bonar. 1978;

Chia and Ross. 1984; Kempt' et al.. 1997: Marois and

Carew, 1997a. b, c;). However, these two sister groups

constitute the most derived clade of extant gastropods, the

Apogastropoda (Haszprunar, 1988; Ponder and Lindberg,

1997). Very little is known about the morphology of the

apical sensory organ in basal clades of gastropods. There-
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fore, we cannot know which, it any, features of the apical

sensory organ in larval apogastropods are broadly con-

served throughout this molluscan class, much less speculate

about the polarity of evolutionary change in the case of

differences or the nature of modified developmental mech-

anisms.

The apical sensory organ of larval molluscs (see Kempf
ct til.. 1997. for a survey of other terms applied to this

structure) may have homologs within the larval body plans

of other spiralian phyla (Nielsen. 1995). Pioneering ultra-

structural work by Lacalli (1981. 1984) showed that the

apical organ of Spirobranchus trochophores (Polychaeta) is

a structurally integrated unit consisting of neuronal cells in

addition to cells generating a single long tuft of cilia.

Neurites extending from the neurons intermingle within a

plexus or neuropil so that a simple type of ganglion is

formed. In veliger larvae of derived gastropod groups, the

ganglionic component of the apical sensory organ consists

of sensory and nonsensory neurons clustered over a neuropil

(Kempf ct til.. 1997; Marois and Carew, 1997a; Page and

Parries, 2000). Dendrites extending from the sensory neu-

rons are organized into three bundles (a medial and two

lateral bundles) that penetrate the overlying epithelium (see

also Chia and Koss, 1984). A subgroup of the sensory

neurons, called ampullary neurons, have a deep invagina-

tion of the peripheral, dendritic membrane that is filled with

cilia arising from the wall of the invagination. In addition,

antibodies against serotonin label ( 1 ) three to six neuronal

somata within the apical ganglion (the number is constant

within each species that has been studied). (2) neurites

within the neuropil of this ganglion, and (3) peripheral

neurites that extend from the neuropil to muscle fibers and

prototrochal ciliated cells of the larval velum (Kempf ct ai.

1997; Marois and Carew. 1997a; Page and Parries. 2000).

A major enigma regarding the comparative structure of

the apical sensory organ among gastropod larvae relates to

the distinctive long ciliary tuft that is a characteristic com-

ponent of this larval structure in many other spiralians,

including at least some members of the molluscan classes:

Scaphopoda. Polyplacophora, Aplacophora, and Bivalvia

(see reviews by Raven, 1966: Verdonk and van den Bigge-

laar. 1983). Among gastropods, a long cohesive tuft of

non-vibratile cilia arising from the center of the larval apical

epidermis has been reported only for members of the Patel-

logastropoda (Smith. 1935; Dictus and Damen. 1997; Wan-

ninger ct <//.. 1999. 2000), which is currently viewed as the

most basal clade of extant gastropods (Haszprunar, 1988;

Ponder and Lindberg, 1997). The homolog of the patello-

gastropod apical tuft in other gastropod groups is unclear.

Some authors (Conklin. 1897; Gather. 1973) have suggested
that the apical tuft in caenogastropods is represented in

prehatching embryos by four apical cells bearing short,

motile cilia. However, the fate of these cells in hatching

larvae was not determined. More recently, ultrastructural

studies on posthatching planktotrophic veligers of both cae-

nogastropods and heterobranchs identified a potential ho-

molog of the patellogastropod apical tuft in the form of two

relatively short ciliary tufts that Hank the midline at the

ventral margin of the apical sensory organ (Chia and Koss,

1984; Kempf a <//.. 1997; Page and Parries, 2000). As yet,

the embryonic derivation of the cells generating these bilat-

eral ciliary tufts in posthatching veliger larvae of caenogas-

tropods and heterobranchs has not been determined.

I investigated the ultrastructure and serotonin immunore-

activity of the apical sensory organ in the patellogastropod

Tectura scutum (Rathke 1833) with the goal of identifying

similarities and differences relative to the apical sensory

organ of planktotrophic apogastropod larvae. Overall devel-

opment of posthatching larvae of T. scutum is similar to that

described previously for two other patellogastropod species

belonging to the genus Patella (Smith, 1935; Wanninger et

at., 1999. 2000).

Materials and Methods

Source of adults, fertilization of gametes, and culture of

embryos and larvae

Adults of Tectura scniiwi were collected during late

August and early September from the intertidal zone of

rocky shores along the southwestern perimeter of Vancou-

ver Island, Pacific coast of Canada. Adults were isolated

into separate bowls of seawater at 12 C, and 10% to 25%
of these animals spawned eggs or sperm beginning at 15'/:

to 16 h after the time of lower low tide. Freshly spawned

eggs were transferred to 1 liter of filtered (0.45 pim) sea-

water (FSW) so as to cover the bottom of the beaker with a

sparse monolayer of eggs. One milliliter of concentrated

sperm was mixed into 500 ml of FSW, and 1 to 2 ml of this

sperm suspension was added to the eggs and stirred gently

for '/2 h. Seawater over settled eggs was decanted and

replaced with fresh FSW. About 100 fertilized eggs were

transferred into culture beakers containing 500 ml FSW at

12 C. Culture water was changed daily by gently pouring

cultures through a 49-jum sieve immersed in a small bowl of

seawater. The sieve was constructed by replacing the bot-

tom of a small plastic beaker with Nitex cloth attached by

silicon glue. Larvae retained by the sieve were then pipetted

into beakers of fresh FSW. To obtain normal development

without adding antibiotics, it was iportant to culture em-

bryos and larvae at very low i(\. Adult limpets were

subsequently returned to the site of collection. Results re-

ported here are based on five batches of larvae reared over

three separate years.

Tissue preparation fcr scanning anil transmission electron

microscopy (SEM and TEM)

Larvae were pipetted into 8-ml vials and anesthetized by

initial incubation for 2 h at 12"C in several changes of
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artificial seawater having augmented Mg
+ +

and reduced

Ca
+ +

concentrations (225 mM NaCl. 5 mM KCI. 102 mM
MgCK 1 mM CaCl 2 in distilled water). The volume of fluid

was then reduced to 1.5 ml. and a small piece of menthol

crystal (7-10 mg) was floated on the fluid surface. After 45

min. the menthol and artificial seawater was replaced with

two changes of primary fixative at room temperature.

Primary fixative consisted of 2.5% glutaraldehyde in 0.2

M Millonig's phosphate buffer (pH 7.6) and 0.14 M sodium

chloride. Larvae were stored in this fixative at 8 to 10 C
for several days to one month before further processing.

Subsequent processing steps were done at room tempera-

ture. Larval shells were decalcified in a 1:1 mixture of

primary fixative and 10% ethylenediaminotetraacetic acid

(disodium salt) tor I h (Bonar and Hadfield. 1974). Speci-

mens were then rinsed three or four times in 2.5% sodium

bicarbonate (pH 7.2) and transferred to a 1:1 mix of 4'<

OsO4 and 2.5% sodium bicarbonate for 1 h. A graded

ethanol series was used to dehydrate fixed specimens, which

were then transferred through three changes of propylene
oxide and infiltrated and embedded in TAAB 812 epoxy
resin (Marivac, Halifax, NS. Canada). The foregoing pro-

cedures, from anesthesia of the larvae to infiltration with

epoxy resin, were done on specimens contained within

squat, wide-mouth vials of 8-ml capacity. Specimens within

the vials could be viewed with a stereomicroscope placed on

the sill of a fume hood so that solutions could be removed

from the vials using a bent pipette without accidentally

removing larvae.

Thin sections were cut with a diamond knife and lifted

onto 150-mesh copper grids. Central portions of each sec-

tion were teased over openings in the grid mesh using an

eyebrow hair mounted on an orange stick. Dried sections

were stained in aqueous 2% uranyl acetate for 1 .5 h and in

0.2% lead citrate for 6-7 min and were photographed with

a Hitachi 7000 transmission electron microscope operated at

50 kV accelerating voltage.

For SEM, larvae were processed as described above except

that specimens in 100% alcohol were transferred into modified

Beam capsules for critical point drying from liquid carbon

dioxide. The bottom of each Beam capsule was removed, and

the top and bottom were covered with a small piece of Nitex

cloth of 49-;u,m mesh size. The Nitex was held in place by

sandwiching it between the Beam capsule itself and a Beam

capsule lid from which a large hole had been cut. Specimens
dried at critical point were transferred to double-sided sticky

tape on an SEM stub, sputter-coated with gold, and photo-

graphed with a Hitachi 6500N scanning electron microscope

operated at 8 to 15 kV accelerating voltage.

Anesthetized larvae were fixed in a solution consisting of

20 ml 8% paraformaldehyde (freshly prepared from powder

according to instructions given in Hayat. 1970). 10 ml of 0.2

M Millonig's phosphate buffer (pH 7.6) and 10 ml of 0.14

M sodium chloride (final paraformaldehyde concentration

was 4%). Specimens were fixed at 6 C for 3 h. rinsed six

times over an hour in phosphate-buffered saline (PBS) at pH
7.4 containing 0.1% sodium azide, and stored in the final

rinse for 12 h to 4 days before further processing. All

subsequent incubations were done at 6 C on an orbital

shaker. Fixed larvae were blocked for 4 h in PBS containing

0.1% Triton-X 100. 0.1% sodium azide, and 0.1% heat-

inactivated goat serum, then incubated for 24 h in a rabbit

polyclonal IgG against 5-hydroxytryptamine (serotonin)

conjugated to paraformaldehyde (DiaSorin. Stillwater. MN:

formerly Incstar) at a dilution of 1:1000 in blocking me-

dium. This was followed by six to eight rinses in PBS +
0.1% Triton-X 100 + 0.1% sodium azide over 10 h.

To obtain a fluorescent label of primary antibody loca-

tion, specimens were incubated in goat anti-rabbit second-

ary antibodies coupled to the fiuorphore Alexa 488 (Molec-

ular Probes, Eugene, OR) at a dilution of 1:250 in blocking

medium for 24 h. These were then rinsed 6-8 times in

PBS + 0.1% sodium azide and examined with a Zeiss

Axioskop compound microscope or a Zeiss LSM 410 con-

focal laser scanning microscope using filter sets appropriate

for fluoreseein isothiocynate fluorescence.

To obtain a label of primary antibody location for visu-

alization in sections examined by light or transmission

electron microscopy, the secondary antibody was a biotin-

ylated goat anti-rabbit IgG (Histostain kit. Zymed. San

Fransisco, CA). After rinsing in PBS + 0.1% Triton-X 100

(no azide), specimens were transferred to a conjugate of

streptavidin-horseradish peroxidase (Histostain kit) for

12 h. Specimens were then rinsed six to eight times over

10 h in PBS + Triton-X 100. followed by incubation for 30

min in diaminobenzidine (solution provided in kit marketed

by DAKO Diagnostics, Mississauga, ON, Canada) diluted

into PBS. Specimens were then transferred to diaminoben-

zidine diluted into the buffered substrate (containing hydro-

gen peroxide) supplied in the DAKO kit. After 30 to 40 min.

the reaction was stopped by rinsing in PBS + 0.1% sodium

azide. Specimens were postfixed in a 1 : 1 mix of 4 f
/< OsO4

and 2.5% sodium bicarbonate, processed into epoxy resin,

and sectioned for light or transmission electron microscopy
as described above. Sections for light microscopy were cut

at I-/LUII thickness and stained with methylene blue and

azure II in borax (Richardson ct til.. I960). Sections for

TEM were cut at 80 nm and stained for 45 min in aqueous

29r uranyl acetate and 5 min in 0.2% lead citrate.

Images obtained from the transmission electron micro-

scope were recorded on film. Digital images obtained from

the scanning and confocal laser scanning microscopes were

imported into Adobe Photoshop and adjusted for contrast,

brightness, and image sharpness.

My analysis of the ultrastructure and serotonin imniuno-
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reactivity of the ganglion and associated ciliary structures of

the larval apical sensory organ of T. scutum concentrated on

larvae that were fixed at three stages: 52 h postfertilization

(at the onset of ontogenetic torsion). 90 h postfertilization

(30 h after completion of ontogenetic torsion), and 7 days

postfertilization (onset of metamorphic competence). Sev-

eral other stages were examined less thoroughly by either

electron microscopy or immunohistochemistry.

Results

Over\'ie\v of larval development and the apical sensory

organ

Larvae of Tectum scutum hatch from the egg investments

beginning at 12 to 15 h postfertilization (12 C) and swim

by means of long cilia of the prototroch. or pre-oral ciliary

band. These trochophore-like hatching larvae are converted

to the veliger larval form by secretion of the larval shell and

swelling of the foot rudiment over the next 1 '/> days of

development (Fig. 1A). Ontogenetic torsion, a morphoge-
netic movement involving a 180 rotation of the cephalopo-

dium relative to the shell, mantle, and differentiating vis-

cera, occurs between 52 and 58 h postfertilization. The foot

enlarges considerably over the following days (Fig. IB) so

that larvae are capable of both swimming and pedal crawl-

ing by 7 days posthatching. Many larvae at this age undergo

metamorphosis when added to small bowls containing sea-

water and pebbles collected from rocky shores inhabited by

adults. Metamorphosed individuals lack prototrochal cili-

ated cells and resume shell secretion to begin the distinctive

postmetamorphic teleoconch.

As veligers of T. scutum approach the onset of ontoge-

netic torsion, they have an apical sensory organ that consists

of two components: neurons organized as a simple ganglion

(the apical ganglion) and two types of distinctive ciliary

structures. The most obvious ciliary structure in pretorsional

veligers is a tuft of very long, nonmotile cilia that arises

from the center of the apical epidermis (Fig. 1A, C. D). This

long, apical ciliary tuft is flanked by two low papillae (Fig.

1C), each of which is the protruding, multiciliated apex of a

single cell (lateral ciliary tuft cells). The centrally located,

apical ciliary tuft is lost soon after ontogenetic torsion is

completed, and a pair of cephalic tentacles subsequently

grow from the apical surface of the veliger (Fig. IB).

Neurons of the apical ganglion give rise to cytoplasmic

extensions, which are putative dendrites. that terminate at

the exposed apical surface. The sketches in Figure 2 were

traced from transmission electron micrographs of sections

cut parallel to the apical surface of larvae at 52 and 90 h

postfertilization, such as those shown in Figures 3A and 4.

The tracings show positional relationships between cells

giving rise to the distinctive ciliary structures of the apical

sensory organ (the apical and lateral ciliary tuft cells) and

six clusters of sensory dendrites arising from neurons of the

apical ganglion. The position of a small pit within the apical

epidermis is also indicated in these diagrams, although the

pit is obscured by cilia in the scanning electron micrograph
shown in Figure 1C. Details of these components are de-

scribed below.

Ciliaiy structures of the apical sensory organ

Scanning electron micrographs of veligers at the onset of

ontogenetic torsion (52 h post-fertilization) show that the

apical surface within the ring of prototrochal ciliated cells is

dominated by a field of cilia in the shape of a plus ( + )

symbol (Fig. 1C). The two axes of the plus are oriented

along the dorsal-ventral and left-right axes of the larva, and

the apical ciliary tuft arises from the center of the plus-

shaped ciliary field (Fig. 1C). Cilia of the apical tuft form a

cohesive bundle that is about 80 /im long and extends

perpendicular to the planar surface of the apical epidermis

(Fig. 1A). The tuft does not show rhythmic undulations and

is lost within 4 to 8 h after larvae complete ontogenetic

torsion. Many cilia within the left and right arms of the

plus-shaped ciliary field extend from the low papillae that

are the apices of the lateral ciliary tuft cells (Fig. 1C).

Unlike the apical ciliary tuft, the lateral ciliary tufts are

retained until larval metamorphosis.

Transmission electron microscopy shows that cilia of the

apical tuft arise from three large cells (Figs. 2A, 3A) and are

supported by very long and robust ciliary rootlets (Figs. ID,

3D). These three multiciliated cells also contain longitudi-

nal arrays of microtubules (Fig. 3D), which may provide

further structural support for the cells. As shown in Figures

2A and 3A, the apical tuft cells constitute three of the four

apical pole cells of pretorsional veligers of T. scutum. The

fourth cell, which occupies the ventral position for this

tetrad, is the ampullary sensory neuron, a distinctive type ot

apical ganglion neuron that is described below. Loss of the

apical ciliary tuft following ontogenetic torsion appears to

be due to degeneration of the three apical tuft cells, rather

than simple shedding of cilia from cells that remain intact.

Figure 4 (asterisk) shows a remnant of an apical tuft cell in

a larva fixed at 90 h postfertilization (about 30 h after

completing ontogenetic torsion).

Figure 5A shows the protruding apices of the two lateral

ciliary tuft cells in a larva fixed at 90 h postfertilization,

which is after the three large cells that produce the apical

ciliary tuft have disappeared. In younger larvae (immedi-

ately prior to ontogenetic U- -IOID, the central group of

apical ciliary tuft cclK li, h. n the two lateral tuft cells

(Figs. 2A, 3A). l!acli Kueriii mft cell consists of an ex-

panded, multiciliaied apex, i narrow middle zone, and a

basal perinuclear i 'gion that lies at the ventrolateral margins

of the apical gang ion on the left and right sides (Fig. 5C).

The apparent "shrinkage" of the lateral ciliary tuft cells in

the tracing shown in Figure 2B. relative to those shown in
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Figure 1. Early and late vcliger larvae of rectum .\i-iitiun showing structures extending from the apical

surface. (Al Light micrograph ol" a live veliger at 46 h postt'ertili/ation, prior to ontogenetic torsion: note cilia

of the prototroch and the long apical ciliary tuft (arrow). Scale, 50 /am. (B) Light micrograph of a partially

retracted veliger at 7 days postlertili/ation; note the pair of cephalic tentacles and enlarged foot. Scale, 50 /im.

(C) Scanning electron micrograph of the apical surface at 52 h postfertilization showing the peripheral ring ol

prototrochal cilia anil the central, plus-shaped ciliary field. The long apical ciliary tuft (large arrows) is flanked

by small papillae hearing the lateral ciliary tufts (small arrows). Scale. 20 ;um. (D) Transmission electron

micrograph showing an apical ciliary tuft cell in longitudinal section from a larva at 48 h postfertilization; note

very long ciliary rootlets (arrowheads). Scale, 2 /iin. Abbreviations: CT, cephalic tentacles; F. foot: PR.

prolotroch; SH, shell. Orientation arrows: D. dorsal; L, left; R, right; V, ventral.
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Figure 2. Relative positions of components of the apical sensory organ in veligers ofTectuiu .\i-niitin at 52 h

postfertilization (A) and 90 h postfertilization (B). Sketches are traced from transmission electron micrographs

of sections cut parallel to the apical surface of the larva at a level close to the epithelial surface (same

enlargement for both sketchesl. Numbers refer to groups of dendrites (see text). Arrows indicate that dendrites

in groups 5 and 6 join those of groups 3 and 4, respectively, at a deeper level. Filled profiles are dendrites of

serotonin-immunoreactive neurons; unfilled profiles are dendrites from other sensory neurons ot the apical

ganglion. Abbreviations: AM, dendrite of ampullary neuron; AP, apical pit; ATC, apical tuft cell; LTC, lateral

tuft cell. Orientation arrows, D. dorsal; L, left; R, right; V, ventral.

Figure 2A, is largely due to the fact that the middle zone of

these cells becomes progressively longer and narrower be-

tween 52 and 90 h postfertilization. Cilia arising from the

lateral ciliary tuft cells are anchored by forked, striated

rootlets that are much shorter than the ciliary rootlets ex-

tending from the basal bodies of apical tuft cilia

Apicul i>un^li(in

The larval apical ganglion of T. scutum is a cluster of

neurons located immediately beneath the dorsal half of the

apical epidermal disc. Most and possibly all of the apical

ganglion neurons give rise to distal cytoplasmic extensions

(putative dendrites) that extend to the exposed epidermal

surface of the larva within the plus-shaped apical ciliary

field. Two to four cilia arise from the distal terminals of

these dendrites. The sketch in Figure 2A shows the positions

of the dendritic terminals, relative to the apical and lateral

ciliary tuft cells and the apical pit, in veligers at the onset of

ontogenetic torsion. The sensory dendrites at the exposed

surface of the apical epithelium are clustered into six

groups: two medial groups and two pairs of lateral groups.

Group I consists of two dendrites located ventromedially:

one of these is the ampullary sensory neuron (Fig. 3 A).

Group 2 consists of five dendrites that occupy a central

location between the large apical tuft cells and the apical pit.

After loss of the three apical tuft cells, dendritic groups 1

and 2 come to lie in close proximity (Fig. 4). Dendritic

groups 3 and 4 are located to the left and right, respectively,

of the apical pit. Dendritic groups 5 and 6, each consisting

of at least two dendrites, are located to the left and right,

respectively, of the lateral ciliary tuft cells. After loss of the

three large apical tuft cells, the dendrites and the lateral tuft

cells shift centrally, but they nevertheless retain the same

positional interrelationships (compare Fig. 2A to 2B and

Figs. 3A to 4).

The ampullary sensory neuron within dendritic group 1 is

a neuronal type that has been identified within the apical

ganglion of all other gastropod larvae studied to date (re-

viewed by Page and Parries, 2000). The distal, dendritic

membrane of this neuron is deeply invaginated and gives

rise to many cilia that fill the inpocketing (Figs. 3A. 4. 5A).

In larvae of T. scutum, the inv igiimted pocket of the ampul-

lary neuron does not peneti lie lo ihe level of the basal,

perinuclear cytoplasm, and cilia within the pocket have a

9 + 2 arrangement of avonemal microtubules (Fig. 3C). The

ampullary neuron v ithin dendritic group 1 is the only sen-

sory neuron of this type within the larval apical ganglion of

T. scutum. The second dendrite of the two which comprise

dendritic group 1 extends along the left, anterolateral side of

the ampullary neuron (Figs. 3A, B, 4). As described below,
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Figure 3. Transmission electron micrographs of a section cut parallel to the apical surface of a Tec/urn

M-tinun veliger at 52 h posllertili/.ation (onset of ontogenetic torsion) showing cellular components of the apical

sensory organ. (A) Low-magnification view showing the three large cells (asterisks) that generate the apical

ciliary tuft; these are hordered hy the apices of lateral ciliary tuft cells (outlined hy dashed lines) and dendrites
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Figure 4. Transmission electron micrograph of a section cut parallel to the apical surface of a Tt'ctiiru

scutum veliger at 90 h postfertilization. Note the remnant of an apical tuft cell I asterisk I. Arrow indicates dendrite

of the non-ampullary neuron of dendritic group I; dendritic groups 2. 3. and 4 are adjacent to the apical pit:

dashed lines outline the lateral ciliary tuft cells. Scale. 2 /xm. Abbreviations: AM, ampullury neuron: AP. apical

pit; LTC, lateral tuft cells. Orientation arrows: D, dorsal; L. left; R, right; V, ventral.

of the ampullary and non-ampullary (arrow) sensory neurons belonging to dendritic group I. The section also

passes through the apical pit and adjacent dendntes belonging to groups 2, 3, and 4. Scale. 4 /urn. (B)

Enlargement of the non-ampullary sensory dendrite of dendritic group 1. Scale. 0.5 ^m. (C) Detail of cilia within

the invaginated pocket of the ampullary neuron; note the 9 + 2 arrangement of axonemal microtubules. Scale,

0.3 /j,m. (D) Detail of cytoplasm from an apical tuft cell showing robust ciliary rootlets (ai row heads) and small

circular profiles of longitudinally aligned microtubules. Scale, 0.3 jum. Abbreviations: AM, ampullary neuron;

AP, apical pit; LTC, lateral tuft cells. Orientation arrows: D. dorsal; L, left; R. right; V, ventral.
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Figure 5. C'lliary and neuronul elements within the ventral portion of the apical sensory organ of Tccmni

scutum at 90 h postfertilization (apical tuft cells are absent at this stage). (A) Transmission electron micrograph

(TEM) of a frontal section showing apices of the lateral ciliary tuft cells flanking distal dcndrites of the ampullary

and non-ampullary neuron (medial serotonergic neuron) of dendritic cluster I. Scale, 3 /urn. (B) TEM of a

slightly more ventral section showing acilium arising from the distal dendrite of the medial serotonergic neuron.

Scale, I /jUii. (C) TEM of a section cut parallel to the apical surface at the level of the cell bodies of the apical

ganglion. The medial serotonergic neuron, ampullary neuron, and lateral ciliary tuft cells are identified; other

neuronal somata of the apical ganglion lie dorsal to these identified cells. Scale, 3 /am. Abbreviations: AM,

ampullary neuron; LTC, lateral ciliary tuft cells; MS, medial serotonergic neuron.
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Figure 6. (A) Transmission electron micrograph of a longitudinal section through the apical sensory organ

ofTectura scutum at 90 h postfertilization showing the apical pit and basal perinuclear regions of the ampullary

neuron and lateral tuft cells; neuropil of the apical ganglion overlies the cerebral commissure. Boxed area is

enlarged in (B). Scale. 5 /urn. (B) Profiles of distal dendrites (arrows) located on one side of the apical pit. Scale,

1 /am. (C) Detail of sectioned neurites within the neuropil of the apical ganglion showing large swellings filled

with electron-dense vesicles; a portion of the cerebral commissure is also shown. Scale. 0.5 /xm. Abbreviations:

AM. ampullary neuron; AP. apical pit; CC. cerebral commissure; FG. foregut; LTC, lateral tuft cells; NP,

neuropil.
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this neuron corresponds to a medially located neuron ex-

pressing serotonin immunoreactivity and is therefore iden-

tified as the medial serotonergic neuron (MS) in Figure 5 A,

C. One of several cilia arising from this dendrite is shown in

Figure 5B. The subepithelial cell bodies of the two sensory

neurons of dendritic group 1 are sandwiched between the

large, subepithelial cell bodies of the lateral tuft cells (Figs.

5C. 6A).

The largest number of dendrites within the larval apical

ganglion of T. scutum are associated with the rim of the

apical pit. Dendritic group 2 is located immediately ventral

to the pit (Figs. 3A, 4), whereas groups 3 and 4 are located

to the left and right, respectively, of the pit (Figs. 3A, 4, 6A,

B). The apices of dendrites within groups 5 and 6 are

located to either side of the ciliary tuft cells (Fig. 2A, B), but

they deflect mediodorsally as they descend through the

apical epidermis so as to join the ipsilateral group of den-

drites on either side of the apical pit (Fig. 2A. B).

Neuropil of the apical ganglion

Neuronal cell bodies of the apical ganglion overlie a

tangled collection of interdigitating neurites. Neurites of

this ganglionic neuropil are characterized by large swellings

stuffed with electron-dense vesicles (Fig. 6C). The neuropil

overlies the cerebral commissure, a tract of neurites con-

necting between the two developing cerebral ganglia (Fig.

6A), but two stubby horns of the neuropil project dorsolat-

erally. The neuropil is ultrastructurally distinct from the

cerebral commissure because neurites of the commissure

tend to have parallel trajectories as they extend between the

two cerebral ganglia and commissural neurites lack large

swellings rilled with masses of electron-dense vesicles.

Serotonin immunoreactivity within the apical ganglion

and peripheral neurites

Three apical neurons, a medial neuron located centrally

beneath the apical disc and two neurons located dorsolateral

to the medial neuron, are recognized by antibodies against

serotonin in veligers fixed at 52 h and 90 h postfertilization

(Fig. 7A, B), and at 5 days postfertilization. A neurite from

each lateral neuron extends ventrally to a concentration of

neurites located beneath the medial, serotonin-immunoreac-

tive neuron. The fluorescent label identifies large varicosi-

ties within the central concentration of neurites (Fig. 7A).

Peripheral neurites extend laterally from each side of the

central concentration of neurites and continue along the

base of the large, prototrochal ciliated cells that encircle the

apical disc (Fig. 7A, B). These peripheral neurites have a

beaded appearance.

Immunolabeled larvae that were sectioned after process-

ing for diaminobenzidine (DAB) reaction product show that

the medial serotonin-immunoreactive neuron is the non-

ampullary sensory neuron that contributes one of the two

dendrites belonging to dendritic group 1 (Fig. 7D, E, H).

The lateral neurons have dendrites belonging to dendritic

groups 3 and 4, which lie on either side of the apical pit

(Fig. 7F. I). Although the stout dendrite of the medial

neuron can often be seen in fluorescently labeled larvae

(Fig. 7B). the slender dendrites of the lateral neurons are

difficult to ascertain without sections prepared from DAB-

Figure 7. Serotonin immunoreactivity within apical ganglion neurons and peripheral neurites of Tectiiru

\fiitum veligers. (A-C) Confocal scanning laser micrographs of fluorescently labeled whole larvae in apical view:

arrows labeled "V" indicate ventral side. (A) Larva at 90 h postfertilization (velar margin slightly contracted)

showing label within the neuropil (large arrowhead) and the stout dendrite (small arrowhead) arising from the

medial serotonergic neuron. Scale. 20 /j,m. (B) Larva at 90 h postfertilization showing label within a medial and

two lateral neurons, and peripheral tracts on either side (arrowheads) projecting to a circular tract running

beneath the prototrochal cells. Scale, 40 ju.m. (C) Apical view of a larva at 7 days postfertilization showing label

within the two lateral serotonergic neurons but not in the medial neuron; arrowheads indicate small labeled

neurons within the developing cerebral ganglia. Scale. 40 fim. (D-G) Frontal sections ( l-^m thickness) through

the head of a T. scutum larva at 90 h postfertilization labeled with DAB reaction product (dark deposit in cells).

Sections proceed from ventral to dorsal side of the apical sensory organ. Scale, 30 um. (D) Section passing

through the ventral margin of the apical sensory organ showing the lateral ciliary tufts and the distal dendrite

(small arrowhead) and portion of the basal soma (large arrowhead) of the medial serotonergic neuron. (E) Soma

of the medial serotonergic neuron (large arrowhead); also note label within neurites at the base ot the large

prototrochal cells (small arrowheads) and absence of label within the cerebral commissure. (F) Label within the

neuropil (large arrowhead) of the apical ganglion; also note label within distal dendrites (small arrowheads) of

two lateral serotonergic neurons. (G). Section through the somata of two lateral serotonergic neurons showing

their irregular shape. (H-I) Transmission electron micrographs of sections cut parallel to (he apical surface of a

DAB-labeled T. scutum larva at 52 h postfertilization. (H) Dendritic profiles of (he ampullary neuron and

non-ampullary neuron (arrow) within dendritic group 1; DAB label within the latter prolile identifies it as the

medial serotonergic neuron. Scale. 2 jum. (I) Dendritic profiles (asterisks) located to the immediate left of the

apical pit; the most peripheral profile contains DAB label (large arrow) Scale, 2 /j.m. Abbreviations: AM.

ampullary neuron; AP, apical pit; CC. cerebral commissure; LN. lateral serotonergic neuron; LT, lateral ciliary

tuft; MN. medial serotonergic neuron; PR. prototrochal cell.
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labeled specimens. Sections of DAB-labeled specimens also

reveal that the cell bodies of the lateral neurons have a very

irregular outline (Fig. 7G). The central concentration of

varicose neurites identified in fluorescent images corre-

sponds to the neuropil of the apical ganglion (Fig. 7F).

In metamorphically competent larvae (7 days postfertil-

ization), antibodies against serotonin continue to label the

two lateral neurons and the peripheral ring of neurites

underlying the prototrochal ciliated cells, but a medial neu-

ron does not label (Fig. 7C). However, smaller neurons

within the cerebral ganglia begin to express serotonin anti-

genicity at 7 days postfertilization (Fig. 7C). Despite loss of

serotonin antigenicity within the medial neuron in late-stage

larvae, this neuron can still be identified in sections of 7-day

larvae examined by transmission electron microscopy (Fig.

8). Positive identification of this neuron is facilitated by the

fact that its dendrite has a stereotypical location relative to

that of the distinctive ampullary neuron and the lateral

ciliary tuft cells (Fig. 2B).

Discussion

A goal for this study was to compare the apical sensory

organ in a patellogastropod veliger to that of apogastropod

veligers (caenogastropods and heterobranchs) in order to

identify conserved and variant aspects of this larval neural

structure among gastropod molluscs. However, uncertainty

about the cellular constituents that are properly included

within the structural entity that has been called the "apical

organ," the "apical sensory organ," and the "cephalic sen-

sory organ" (see Kempt" ct ai, 1997) can complicate com-

parisons among larval gastropods and among larval spira-

lians in general. As previously stated, I use the term "apical

sensory organ" to refer to the cellular complex that includes

both the apical ganglion and cells bearing prominent ciliary

structures at the larval apex. It is unclear if, among gastro-

pod veligers, the distinctive apical ciliated cells are a type of

sensory neuron (Chia and Koss, 1984; Marois and Carew,

1997a; Kempf et <//., 1997; Page and Parries, 2000). Addi-

tional work is needed to resolve this issue.

A second complicating factor for comparisons of the

apical sensory organ among gastropod larvae derives from

differences in life history. For most patellogastropods, fer-

tilization is external, and a trochophore-like larvae hatches

from the egg investments after prototrochal cilia have dif-

ferentiated but before most other components of the veliger

larval form have developed (Smith, 1935; Wanninger ct ai.

1999, 2000; present study). The shell, foot, retractor mus-

cles, and gut emerge rapidly over the course of a relatively

short, nonfeeding larval phase. By contrast, the ancestral

pattern for the Apogastropoda, which is retained by many
extant species, involves internal fertilization and deposition

of encapsulated eggs that eventually hatch as feeding ve-

liger larvae with well-formed shell, foot, larval retractor

muscle, and gut. After hatching, planktotrophic apogastro-

pod veligers typically undergo further growth and develop-

ment during a planktonic life lasting weeks or months

before metamorphic competence is achieved. Life-history

differences between patellogastropods and apogastropods

mean that differences in apical organ structure between a

single developmental stage from each group may be merely

maturational differences in a common developmental pro-

gram for both.

In an effort to distinguish truly novel features for the

apical sensory organ in veliger larvae of T. scutum together

with features shared with planktotrophic apogastropod ve-

ligers, as described in greatest detail by Chia and Koss

(1984), Kempf et ul. (1997), Marois and Carew (I997a),

and Page and Parries (2000). I examined a range of larval

stages for this patellogastropod. The similarities include a

bilateral pair of lateral ciliary tuft cells, neurons clustered

over a neuropil to form a simple ganglion, a tripartite

distribution of neuronal dendrites extending from the gan-

glion to the apical surface, and a tripartite distribution of

serotonin-immunoreactive neurons with peripheral neurites

extending to the base of the ciliated prototrochal cells.

Features of the apical sensory organ of T. scutum that have

not been previously identified among apogastropod veligers

include a centrally located tuft of very long apical cilia that

is lost early in larval development, the presence of only a

single ampullary neuron, and the loss of serotonin immu-

noreactivity by the medial serotonergic neuron during late

larval development. These comparisons are discussed fur-

ther below.

Apical and lateral ciliary tufts: identifying homologs in

other gastropods

Apical ciliary structures in veliger larvae of apogastro-

pods have been difficult to reconcile with the condition in

larvae of patellogastropods and of many other molluscan

classes, where a long apical tuft of nonmotile cilia is pro-

duced by some or all of the apical rosette micromeres of the

embryo (see Raven, 1966; van Dongen and Geilenkirchen.

1974; Verdonk and van den Biggelaar, 1983; Dohmen,

1992; Dictus and Damen. 1997). Observations on multiple

larval stages of T. scutum help to resolve this uncertainty

because larvae of this species have both a centrally located,

very long apical ciliary tuft as well as two lateral tufts that

Hank the midline and consist of shorter cilia.

The lateral ciliary tuft cells in T. scutum are strikingly

similar in both position and morphology to the bilateral

multiciliated cells reported previously for planktotrophic

opisthohranch larvae (Heterobranchia) (Chia and Koss,

1984; Kempf ct ul.. 1997; Marois and Carew, I997a). In

both groups, the cells have expanded, multiciliated apices

and a narrow, stalk-like middle zone that connects with a

basal, perinuclear region. The perinuclear regions of the
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Figure 8. Transmission electron micrograph of a section cut parallel to

the apical surface of a Tectura scutum larvae at 7 days postfertilization

(metamorphic competence). Large arrow indicates dendrite of medial sen-

sory neuron, which persists despite loss of serotonin immunoreactivity at

this stage. Asterisks indicate dendrites within dendritic group 2. Scale, 1

jum. Abbreviations: AM, ampullary neuron; AP. apical pit; LTC, lateral

ciliary tuft cell.

lateral ciliary tuft cells are intimately associated with neu-

ronal somata along the ventral side of the apical ganglion.

Furthermore, the expanded apices of the lateral ciliary tuft

cells flunk the dendrites of the medial serotonergic neuron

and the medial ampullary neuron in planktotrophic veligers

of several nudibranch larvae (Kempf et /., 1997) and in

veligers of T. scutum after disappearance of the three large

cells that generate the long, centrally located apical ciliary

tuft (Figs. 2B, 4, 5A).

The lateral ciliary tuft cells within the apical epidermis of

caenogastropod larvae show fewer similarities to those of T.

scutum and opisthobranch larvae. In two caenogastropods
where lateral ciliary tufts have been identified (Lacuna

vincta and Euspini lewisii; Page and Parries, 2000), the

multiciliated cells have a cuhuidul shape and are entirely

contained within the thickness of the apical epidermis (Page

and Parries, 2000). These multiciliated cells lie ventral to

the apical ganglion, but they are not intimately associated

with any of the neuronal elements of the ganglion.

In Smith's ( 1935) description of larvae belonging to the

patellogastropod Patella \'iili>atit, he used the term "refrac-

tile bodies" for what are probably the protruding, multicili-

ated apices of lateral ciliary tuft cells. However, contrary to

observations reported here for T. scutum. Smith (1935)

suggested that the centrally located, long apical tuft of P.

vulgata (another patellogastropod) persists up to metamor-

phosis, whereas the flanking ciliated cells (refractile bodies)

degenerate early in larval development. This discrepancy

between reports on T. scutum and P. ni/gata may represent

a real difference between larvae of these two patellogastro-

pods. However, Smith ( 1935) was restricted to observations

using light microscopy; his observations on the fate of

apical ciliary structures in P. vulgtitu larvae should be

confirmed using electron microscopical techniques.

Larvae of many bivalve species possess a single long

apical ciliary tuft that is often lost during later development

(Cragg, 1996). Ultrastructural observations by Tardy and

Dongard (1993) show that the apical ciliary tuft ("frontal

cirri") of the bivalve Ruditapes philippinarum, like that of

T. scutum, is generated by three large apical cells containing

very long ciliary rootlets. The apical tuft of R. philippina-

rum persists until metamorphosis.

Results of the present study on T. scutum, when com-

bined with previous observations on the apical sensory

organ of other gastropods and other molluscs, suggest that a

single, centrally placed tuft of very long apical cilia and a

bilateral pair of shorter ciliary tufts are both plesiomorphic

traits of the apical sensory organ among gastropod veligers.

As discussed above, veligers of both basal and derived

clades of gastropods appear to possess a bilateral pair of

short ciliary tufts. Furthermore, larvae of the most basal

clade of gastropods, the Patellogastropoda. together with

larvae of many nongastropod molluscs, have a centrally

placed tuft of long apical cilia that arises from descendants

of the apical rosette micromeres. Under this hypothesis,

evolutionary descendants of the ; iiical rosette micromeres

in posthatching apogastropod veligers have lost the long

apical tuft phenotype. Homologous cells in developing apo-

gastropods may degenerate prior to hatching or may have

been co-opted in prehatching stages to serve a derived

function associated with encapsulation. Many caenogastro-

pod embryos develop a crown of motile cilia that is lost

shortly before or after hatching, and descendants of the

apical rosette micromeres may contribute to this ciliary
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crown (Conklin. 1897; Gather. 1973). Beating of these

crown cilia may supplement the beating of prototrochal cilia

to help prevent buildup of an anoxic boundary layer around

closely packed embryos (Hunter and Vogel, 1986; alterna-

tive view given by Strathmann and Strathmann, 1995). This

hypothesis about derived states of the apical tuft cells in

apogastropod embryos should be explored using cell lineage

tracers in conjunction with ultrastructural analysis.

l (//'/<(// t>(tnt;lioii of T. scutum (Patellogastropoda):

comparisons to apogastropods

Existing information suggests that the apical ganglion of

planktotrophic larvae of caenogastropods and opisthobranch

members of the Heterobranchia includes neurons with and

without an apical dendrite and that the ganglion provides

innervation of prototrochal cilia and muscles of the larval

velum (Kempt" et ul.. 1997; Marois and Carew, 1997a, c;

Page and Parries, 2000; Hadtield et ul.. 2000; Hay-Schmidt,

2000). Neuronal elements of the apical sensory organ of T.

Centum are also organized as a simple ganglion, with neu-

ronal somata overlying a neuropil. Many neurons of the

apical ganglion in T. scutum have a distal dendrite and are

presumably sensory, but the possible presence of neurons

lacking an apical dendrite was not ascertained for T. scutum

because neurons without an apical dendrite were not recog-

nized by antibodies against serotonin.

Ampullary neurons represent a morphologically distinc-

tive class of sensory neurons within the apical ganglion of

apogastropod larvae and have also been reported in a larval

bivalve (Tardy and Dongard. 1993). However, apogastro-

pods have a minimum of four ampullary neurons within the

larval apical ganglion (see Chia and Koss. 1984; Marois and

Carew, 1997a, c; Kempf et ul.. 1997; Page and Parries.

2000), whereas larvae of T. scutum have only one neuron of

this distinctive type. Cilia within the invaginated pocket of

ampullary neurons have a 9 + 2 arrangement of axonemal

microtubules in veligers of 7". scutum (present study), which

is also true of larval opisthobranchs (Bonar. 1978; Chia and

Koss, 1984; Kempf c? ul.. 1997; Marois and Carew, 1997a)

and larvae of the bivalve Rhuditapcs philippinarum (Tardy

and Dongard. 1993). The ciliary axonemes of ampullary
neurons in caenogastropods show differences from the 9 + 2

pattern (Uthe, 1995; Page and Parries. 2000).

Dendrites arising from sensory neurons of the apical

ganglion in planktotrophic larvae of caenogastropods and

opisthobranch heterobranchs are organized into three bun-

dles: a medial bundle and two lateral bundles (Chia and

Koss. 1984; Kempf etui.. 1997; Marois and Carew, 1997a).

This tripartite organization is not readily apparent in pre-

torsional veligers of T. scutum. However, after the three

large cells that produce the apical ciliary tuft disappear, the

dendritic components in the apical epidermis shift centrally

and a three-part disposition of dendrites becomes easier to

recognize, when compared to the condition in posthatching

opisthobranch veligers. I suggest that dendritic groups 1 and

2 in T. scutum, which collectively include the ampullary
neuron and medial serotonergic neuron, correspond to the

medial dendritic grouping in opisthobranch veligers, which

also includes a single ampullary and serotonergic sensory

neuron (Kempf et ul.. 1997; Marois and Carew. 1997a). I

further suggest that the dendritic groups 3 and 5 on the left

side of the apical pit and groups 4 and 6 on the right side of

the apical pit correspond to the left and right lateral den-

dritic groups within the apical ganglion of opisthobranch

veligers. In opisthobranchs (Apl\siu culifonucu and several

nudibranchs) and in T. scutum, each lateral group of den-

drites includes a single dendrite arising from a serotonergic

sensory neuron.

Comparative patterns of serotonin imnmnoreactive

neurons in lun~ul gastropods

Among gastropod larvae studied to date, larvae of T.

scutum are not unusual in having a tripartite distribution of

neurons showing serotonin immunoreactivity (see Marois

and Carew, 1997a. b. c; Kempf et ul.. 1997; Page and

Parries, 2000). However, two aspects of the serotonin-im-

munoreactive neurons in T. scutum are unprecedented. First,

all three serotonergic neurons within the apical ganglion of

T. scutum have a distal cytoplasmic extension ("dendrite")

that runs to the external surface of the apical epidermis.

Therefore, these are all putative sensory neurons. In apo-

gastropod veligers studied to date, at least some of the

serotonin-immunoreactive neurons within the apical gan-

glion lack distal dendrites. Second, one of the three seroto-

nergic neurons in T. scutum (the non-ampullary neuron

within dendritic group 1 ) appears to arrest expression of

serotonin in metamorphically competent larvae. Neverthe-

less, the possibility that the medial serotonergic neuron is

lost entirely and replaced by a new neuron that lacks sero-

tonin antigenicity cannot be ruled out.

Assuming that neurites of the medial neuron also lose

serotonin antigenicity in metamorphically competent larvae

(or these neurites are lost entirely), persistence of serotonin

immunoreactivity within neurites along the base of the

prototrochal ciliary cells implies that the prototrochal neu-

rites originate from the lateral serotonergic neurons of the

apical ganglion. If this is the case, then the lateral neurons

may function as both sensory and motor neurons. Hay-

Schmidt (2000) has speculated that lateral serotonin-immu-

noreactive neurons within the apical ganglion of diverse

spiralian larvae always innervate the larval ciliary band.

A similar case of developmental arrest of neurotransmit-

ter synthesis without destruction of the neuron has been

reported by Diefenbach et ul. ( 1998) for a pair of apically

located sensory neurons (ENC1) within encapsulated em-

bryos of the pulmonate Helisoma trivolvis (Hetero-
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branchial. This species lacks a free-living larval stage, and

development is highly modified relative to heterobranchs

with a planktotrophic larva. Early expression of serotonin

immunoreactivity by the ENC1 neuronal pair is lost during

later embryogenesis.

Transient expression of serotonin by an apical ganglion

neuron in T. scutum may occur because of ontogenetic

change in a larval behavior, possibly associated with settle-

ment and metamorphosis, which removes the functional

requirement for this neurotransmitter. Hadneld ft ul. (2000)

have recently described evidence for apical ganglion in-

volvement in reception of the metamorphic cue in an opis-

thobranch. However, a second possibility relates to the

established role of serotonin in regulating aspects of mol-

luscan neurogenesis (Haydon et al.. 1984. 1987; Murrain et

al., 1990; Zhu et al.. 1994: Diefenbach et ai. 1995). Tem-

porary developmental expression of serotonin by an apical

ganglion neuron might reflect a transient role for this trans-

mitter in establishing neurite trajectories or neurite branch-

ing patterns within the larval or prospective, postmetamor-

phic nervous system. The notion that neurites extending

from the apical ganglion may help organize later formed

components of the nervous system has been suggested pre-

viously by Lacalli (1981, 1984), on the basis of studies of

several species of polychaete trochophores.
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Abstract. In the surf clam, Spisnla solidissima, serotonin

was reported to induce spawning when injected into the

gonads. At nanomolar concentrations, it facilitates the fer-

tilizability of oocyte by sperm, at micromolar concentration,

it triggers the meiotic maturation of prophase I -arrested

oocytes, thus mimicking the effect of sperm. To further

understand the role of serotonin in the gametogenic and

spawning processes, we used both imimmohistoehemistry

and high-pressure liquid chromatography linked with elec-

trochemical detection to detect serotonin in the gonads of

the surf clam. We found serotonin-containing varicose fi-

bers covering the surface of the germinal epithelium in both

sexes. The area occupied by the serotonergic innervation

field encircling gonad acini varied according to the gonadal

stages (active phase, ripe phase, partially spawned phase,

spent phase). We also found large variations in the serotonin

concentration between specimens during the gametogenic

cycle. The serotonin concentration was correlated with go-

nad growth: it decreased in the ripe phase in comparison
with the previous phase, the active phase. We attribute the

decrease to the increase of total gonad mass in this stage. In

contrast, as spawning begins, the total gonad mass declines

while the gonad serotonin concentration increases to a level

similar to that found in active phase. The finding that prior

to spawning, serotonin is present in the gonads within fibers

exhibiting distinct varicosities suggests that it is implicated

in spawning.
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Introduction

Serotonin (5-hydroxytryptamine, 5-HT) has been impli-

cated in the spawning process of bivalve molluscs since the

pioneer work of Matsutani and Nomura (1982), who first

reported that serotonin induces the release of gametes in the

scallop Patinopecten yessoensis. Subsequently, serotonin

was found to trigger spawning in several other pelecypods

such as the bay scallop Argopecten imulians, the hard clam

Mercenaria mercenaria, the ocean quahog Arctica is-

landica. the ribbed mussel Geukensia demissa (Gibbons and

Castagna, 1984), the zebra mussel Dreissena polymorpha

(Ram el ai, 1992), the doughboy scallop Chlamys asper-

riniii (O'Connor and Heasman, 1995). the pismo clam

Tivela stultorum (Alvarado-Alvarez et ai, 1996), the hen

clam Mactra chinensis (Fong ft ul., 1996), and particularly

the surf clam, Spisnla solidisxiimi (Gibbons and Castagna,

1984; Hirai et ai. 1988). In this latter species {Spisula

solidissima), serotonin, at high concentration (1-10 jiuVf),

also reinitiates the meiotic maturation of isolated prophase

1 -arrested oocytes (Hirai ct ai, 1988). whereas at lower

concentration (<500 nM) it enhances the fertilizability of

oocytes by sperm (Juneja et ai. 1993; Clotteau and Dube.

unpubl. data). This suggests that serotonin might be present

in the gonad. where it would play a physiological role

during the spawning process. Furthermore, this hypothesis

is supported by radioligand binding studies revealing the

presence of a new subtype of serotonin receptor on Spisnla

oocytes (Krantic < ' <//.. 1991, 1993). In agreement with the

possibility that endogenous serotonin is a central neuro-

chemical involved in surf clam reproduction, its presence in

the animal's central nervous system (CNS) was reported

long ago (Welsh and Moorhead, 1960), and a serotonin-like

23
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substance was detected in its body fluids (Kadani and

Koide. 1989). However, to date, no studies have reported

the presence of serotonin in surf clam gonads.

In other molluscs, immunohistochemical and biochemi-

cal studies report that serotonin is present in the ganglia of

Mvtilus edulis (Welsh and Moorhead, I960: York and

Twarog, 1973; Stefano and Catapane. 1977). Articii is-

Uiiulicn. Venus mercenuria, Ensix dircctus. Myu urcnaria

(Welsh and Moorhead. 1960). and Mytilus galloprovincialis

( Vitellaro-Zuccarello ct al.. 1991 ). In other species, seroto-

nin was detected both in ganglia and gonads of Patino-

pecten yessoensis (Matsutani and Nomura. 1986). Dreis-

sena polymorpha (Ram ct al., 1992), Pecten inn.ximiis

(Paulet ft al.. 1993). Argopecten purpitmtus (Martinez and

Rivera. 1994; Martinez et al.. 1996), and Plucopecten imi-

xclliinicus (Croll ct nl.. 1995; Pani and Croll. 1945). There-

fore, it has been suggested that serotonin would be axonally

transported from the CNS towards the gonads, where sev-

eral serotonin-immunoreactive fiberlike projections have

been observed surrounding male and female acini (Matsu-

tani and Nomura. 1986; Ram et ai. 1992; Paulet ct al..

1493; Croll ct al.. 1995). On the other hand. Ram ct ul.

(1993) observed that female responsiveness (spawning) to

serotonin varies during the gametogenic cycle of zebra

mussels. In those experiments, serotonin failed to induce

spawning of ripe females, even though a few weeks

later those same ripe females (or even less mature ones)

might spawn upon injection of serotonin. These results

suggest that endogenous serotonin might be modified in the

gonad. prior to spawning (Ram ct al., 1993). Variations in

serotonin localization have been described in the scallop

Placopecten nuigellanicus, in which serotonin-immunore-

active fibers were abundant surrounding gonad acini only a

few weeks subsequent to spawning, whereas in spring,

before spawning, they were only occasionally detected

around the germinal acini (Croll ct al.. 1995). Furthermore,

in the ganglia of Mvtilus edulis and the scallop Pccten

niaxinnis and in both the ganglia and the gonads of the

hermaphrodite Argopecten purpuratus. variations of seroto-

nin content con-elated with modifications occurring during

the gametogenic cycle (York and Twarog. 1973; Stefano

and Catapane, 1977: Paulet et ai. 1993; Martinez and

Rivera. 1994 1.

The precise involvement of serotonin in the control of

spawning in bivalves remains unclear. The surf clam.

Spisiila .wlitlis.siniii. offers a good model for studying how
serotonin is implicated in spawning, since the effects of

exogenous serotonin on its spawning (Gibbons and Cast-

agna. 1484). oocyte maturation (Hirai et al.. 1988), and

fcrtili/ability (Juneja et til.. 1943) are well documented. In

addition, this species has a well-known gametogenic cycle

that has been described extensively by Ropes (1968). Fi-

nally, this pelecypod is dioecious, allowing both sexes to be

studied individually.

The purpose of this study was to determine whether

serotonin is present in the gonads of S. solidissitna and to

localize and quantify it through the gametogenic cycle. The

distribution of serotonin in surf clam gonads was deter-

mined by immunohistochemistry and by high-pressure liq-

uid chromatography with electrochemical detection (HPLC/

ED). The results indicate the presence of serotonin within

fiberlike projections that surround both male and female

germinal acini. These serotonin-containing fibers are

present throughout the gametogenic cycle, which despite

some variations in their distribution and in gonad serotonin

concentration during this period indicates that serotonin

might be involved extensively throughout the gametogenic

cycle of the surf clam.

Materials and Methods

Handling of specimens

Surf clams (Spisula solidis.siina. 80-100 mm) were col-

lected at Iles-de-la-Madeleine (Quebec, Canada) from April

to September and shipped to the Centre Hospitalier de

I'Universite de Montreal (Montreal, Canada) where they

were kept in an aquarium at 8 C. Surf clams were used

within 2 days for both immunolocalization and quantifica-

tion of serotonin assessed in gonads from 69 collected

animals.

Immunohistochemistry

Pieces of gonad were excised and fixed overnight at 4 C
in a solution of 4% paraformaldehyde in 0. 1 M phosphate

buffer (pH 7.4) containing 2.4% NaCl. They were washed

thrice, 15 min each, in phosphate buffered saline (PBS), and

transferred to a solution of 15% sucrose in PBS for 20 min

in preparation for subsequent freezing. They were then

immersed in PBS containing 30% sucrose until gonadal

tissues settled on the bottom of the dish. Specimens were

embedded with O.C.T. compound (Miles), frozen in chilled

2-methyl butane, and stored at -80 C until used. Cryostat

sections, about 30 /urn in thickness, were placed alternately

on different glass slides coated with 1 mg/ml L-polylysine

(Sigma) for dual procedures of immunohistochemistry and

histology.

After they were left to dry for 2 h. tissue sections were

given three 15-min washes in PBS at room temperature.

They were incubated in 1% normal goat serum (Jackson

ImmunoResearch Laboratory) containing 0.3% Triton

X-100 in PBS for 20 min. This was followed by incubation

with a rabbit anti-serotonin antibody (Incstar. diluted

1 : 1 750) and 0.2% Triton X- 1 00 in PBS for 20-24 h at 4 C.

After three rinses, of 15 min each, in PBS. the tissue

sections were incubated with Cy3-conjugated goat anti-

rabbit IgG (Jackson ImmunoResearch, diluted 1:100 in

PBS) for 1 h at room temperature. All subsequent proce-
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dures were performed at room temperature. After another

rinse in PBS, sections were incubated, for 1 h, with 1 ;u.g/ml

Hoechst 33258 (Sigma) for DNA staining. They were again

washed three times. 10 inin each, in PBS. Sections were

mounted with Aquamount. Preparations were viewed and

photographed using a Leitz Dialux EB epifluorescence mi-

croscope with two filter sets: for 5-HT detection, an exci-

tation filter of 5 1 5-560 nm and an emission filter of 580 nm:

for Hoechst detection, an excitation filter of 340-380 nm
and an emission filter of 430 nm. The specificity of the

anti-serotonin antibody was assessed by pre-absorbing 1 ml

of diluted antibody with 200 /j,g of serotonin/bovine serum

albumin conjugate (Incstar) over 16-24 h with gentle agi-

tation at 4 C.

To determine the gonadal stages of surf clams, frozen

tissue sections on gelatin-coated slides were processed for

standard hematoxylin and eosin staining. Sections were then

viewed using a Zeiss Axiomat microscope, and the four

gonadal stages as defined by Ropes ( 1968) active phase,

ripe phase, partially spawned phase, and spent phase were

determined (for more details see Results section). Light

photomicrographs (shown in Fig. 1) were taken from stan-

dard hematoxylin-and-eosin-stained paraffin gonad sections

of 10 ju.ni in thickness that came from the entire visceral

mass preserved in Bouin's fixative.

Measurement of serotonin content

After small portions of gonadal tissues were collected for

immunohistochemistry. the serotonin content of the remain-

ing gonad was measured by HPLC. Some gonads were cut

in half prior to further processing. After dissection, gonads
or gonad halves were individually put in preweighed Ep-

pendorf tubes containing 0.6-1.0 ml of ice-cold 0.1 A'

perchloric acid, weighed again, and homogenized with a

Kinematica polytron. The homogenate was centrifuged at

16,000 X g for 15 min at 4 C, and the supernatant was

stored at 80 C until processed. As a measure of serotonin

recovery, a known amount of serotonin creatinine sulfate

(Sigma) was added to half-gonad specimens, and the results

were compared with the values for the matching halves that

received no exogenous serotonin.

The HPLC system consisted of a Waters pump (model

590), equipped with a Waters automatic injection system
(model 71 OB). A Waters M460 electrochemical detector

with a potential of +0.85V applied across the electrode was

used for amine detection. Chromatographic separations

were carried out on a Supelcosil LC-18-DB reverse-phase
column (Supelco. 150 X 4.6 mm i.d.) packed with 5-/Lun

particles and equipped with a guard column (Supelguard

LC-18-DB, 20 X 4.6 mm i.d.). Both columns were main-

tained at 40 C while the rest of the system was run at

ambient temperature (22 C).

The mobile phase consisted of 300 mM phosphate buffer

containing 4 mM 1 -heptane sulfonic acid (Sigma). 0.2 g/l

Na2 EDTA (Fisher), and 5% acetonitrile (Baxter. Burdick

and Jackson). The pH was adjusted to 2.5 with 85%

0-phosphoric acid (Fisher). This solution was prepared with

distilled and deionized water and purified by a Norganic

cartridge (Millipore) to remove any organic substances. The
mobile phase was filtered through Millipore membrane fil-

ters of 0.45-;um porosity under vacuum. The mobile phase
was degassed with helium and pumped at a rate of 1.3

ml/min. producing a background pressure of about 1000 psi.

All reagent chemicals used were of HPLC grade.

The stock solutions of serotonin. 5-hydroxytryptophan,

dopamine. and of the internal standard 3.4-dihydroxyben-

zylamine (DHBA). all from Fisher Scientific, were prepared
in 0.1 N perchloric acid at a concentration of 1 mM and

stored at 4 C. The working standard solutions were pre-

pared by diluting the stock solutions in 0.1 N perchloric

acid. The standard retention times were 3.3 min for DHBA
and 10.3 min for serotonin.

For each run. three serotonin and DHBA standards were

processed to identify their retention times and confirm the

serotonin elution peak from samples. This was followed by
extracts containing the same amount of the DHBA standard.

In all cases. 25
/u.1

of samples and standards were injected in

the column. The signal from the electrochemical detector

was fed directly to a Waters data module 740 acquisition

system. The serotonin content was determined by compar-

ing serotonin/DHBA peak height ratios of unknown sample

chromatograms with those of chromatograms from seroto-

nin standards.

Statistical procedures

The data (nanograms of serotonin per gram of gonad wet

weight) of combined male and female surf clams were

tested for normality (P < 0.01) and heteroscedasticity

(P < 0.001 ). Since data were not normally distributed, and

because of the small sample size, a nonparametric test was

used. No such test exists for two-way analysis of variance

(ANOVA). Therefore, all data were rank-transformed be-

fore computing a two-way ANOVA (Shirley. 1987). Pair-

wise comparisons were done using the Student-Newman-

Keuls test. The accepted level of statistical significance was

P < 0.05.

Next, female and male gonad serotonin concentrations

(ng/g of gonad wet weight) \ ere analyzed separately. As for

the combined data, they were both tested for normality

(female: P > 0.05: male: P < 0.01 ) and heteroscedasticity

(female: P < 0.001 male: P > 0.05). Since data from

each sex were not normally distributed and comparison with

combined data was necessary, all data were rank-trans-

formed, and a one-way ANOVA was performed for each

sex. Pairwise comparisons were done using the Student-
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Newman-Keuls test. The accepted level of statistical signif-

icance was P < 0.05.

The same statistical procedures were used for the analysis

of gonad wet weight (g) of combined female and male surt

clams. A two-way ANOVA was performed on rank-trans-

formed data since they were not normally distributed (nor-

mality: P > 0.01 and heteroscedasticity: P < 0.001 ) and

because of the small sample size. Subsequently, a one-way

ANOVA was done on rank-transformed data from each sex

separately since they were not normally distributed (nor-

mality: female, P < 0.01; male. P > 0.2; heteroscedas-

ticity: female. P < 0.01; male. P < 0.01). Pairwise

comparisons were performed as above.

Results

Surf clams used for immunohistochemistry and HPLC

were first examined to determine their gonadal stages. As

shown in Figure 1. we used specimens of every stage ot the

gametogenic cycle. Males in active phase (stage 1 ) ot their

gametogenic cycle are easily distinguishable by the granular

aspect of their acini (Fig. 1 A). In this phase, spermatogonia

proliferate from alveolar walls, and early spermatocytes

begin to occupy the lumen of acini, forming radial columns.

In the ripe phase (stage 2), acini exhibit, instead of a

granular aspect, a braided shape as a result of sperm tails

orienting toward the lumen of acini (Fig. IB). When a

lumen appears in the center of acini with some sperm tails

still visible, spawning has begun and specimens are classi-

fied as partially spawned males (stage 3. Fig. 1C). At the

end of the gametogenic cycle, when males have released all

of their gametes, acini are almost devoid of mature cells,

with some spermatogonia proliferating in alveolar walls

(stage 4, Fig. ID). The female gametogenic cycle follows

almost the same pattern as the male. In females in active

phase (stage 1 ), oogonia and early oocytes appear in the

periphery of acini, the latter being attached to the wall by a

stalk (Fig. IE). Afterwards, ripe females (stage 2) are easily

recognizable by their large mature oocytes filling the lumen

space of acini and by their thin alveolar wall (Fig. IF).

When spawning has begun, less mature oocytes are ob-

served in the lumen of acini (stage 3. Fig. 1G). Finally,

females in the last phase (stage 4) of their gametogenic

cycle have already released almost all ripe oocytes, and

oogenesis has already begun in the alveolar walls (Fig 1H).

Serotonin content

The specimens identified by their gametogenic stage were

used to measure gonad serotonin content by HPLC/ED.

This analysis revealed the presence of a compound co-

eluting with serotonin. The chromatogram in Figure 2 illus-

trates the serotonin elution peak for both the standard and a

typical sample. From around 10.3 min of elution time on-

ward, the serotonin elution peak is the only one present in

all gonad extracts tested. We also found traces of com-

pounds co-eluting with dopamine and 5-hydroxytryptophan

in most of the gonad extracts (not shown). Small elution

peaks of unknown origin were common in the extract chro-

matograms.
Serotonin was detected in all gonad extracts tested. We

found large variations in gonad serotonin content among

specimens, from 7.5 to 21 17 ng/g of gonad (wet weight). To

determine if these fluctuations were related to sex or go-

nadal stage, we used a two-way ANOVA on data trans-

formed on ranks. We found that these variations of gonad

serotonin concentration (ng/g) are observed in both male

and female gonads and that for each gonadal stage serotonin

concentrations were not significantly different between

males and females. Since no difference between sexes was

found, we tested the hypothesis that the variations in sero-

tonin concentration might be related to the gametogenic

stage of the gonad. Analysis of data from combined sexes

revealed a significant difference (P < 0.002) of serotonin

concentration (ng/g) between the different gonadal stages.

In fact, all pairwise multiple comparisons (Student-New-

man-Keuls Method) indicate that the serotonin concentra-

tion in ripe phase (stage 2) differs greatly from the concen-

trations in the active (stage 1, P < 0.01 ) and spent phases

(staee 4, P < 0.01, Fig. 3). A high gonad serotonin con-

centration is seen in active phase (stage 1). followed by an

abrupt decline in ripe phase (stage 2), just before spawning.

The gonad serotonin concentration seems to increase again

after spawning (stage 3), but this increase is not statistically

significant (Fig. 3). A significantly higher gonad serotonin

concentration is reached only when gametes have all been

expelled from clams in the spent phase (stage 4. Fig. 3).

Next, female and male clams were considered separately

using one-way ANOVA with rank-transformed data to test

whether the relationship between the gonadal stage and the

serotonin concentration was similar in both sexes. For te-

male clams, a significant difference in serotonin concentra-

tions (P < 0.002) between the gonadal stages (Fig. 4)

mirrors observations with sexes combined (Fig. 3). In con-

trast, no significant difference emerged from analysis of

male gonad serotonin concentrations (Fig. 4).

Another two-way ANOVA was performed to determine

if the significant relation between gonadal stage and sero-

tonin concentration was associated with variations of gonad

weight during the gametogenic cycle. When the average

total gonad weights were analyzed, no significant differ-

ences were noted between sexes, regardless ot whether all

specimens were combined or those from a specific gonadal

stage were considered. In contrast, a significant difference

(P < 0.001 ) was noted when the total gonad weights, both

sexes combined, were compared for each gonadal stage

(Fig. 5). All pairwise multiple comparisons (Student-New-

num-Keuls Method) indicate that gonad weight increases

significantly as the clams ripen between the active phase
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Figure 1. Sections of gonads at the different stages of surf clam gametogenic cycle: A-D. males; t,-H, females.

The various stages depicted are active phase (stage 1; A. E), ripe phase (stage 2; B, F). partially spawned phase (stage

3; C, G). and spent phase (stage 4; D. Hi. Note typical male (Al and female (E) acini that are surrounded by arrows.

Also, note the thin alveolar wall (between arrows) in female partially spawned phase (G). Scale bars: 1(X) /jm.

(stage 1) and the ripe phase (stage 2, P < 0.001. Fig. 5). When the clams have released all their gametes, a signiri-

This is followed by an apparent, but statistically insigniti- cant decrease is noted between the ripe phase (stage 2) or

cant, decrease as the clams begin to spawn (stage 3, Fig. 5). the partially spawned phase (stage 3) and the spent phase
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Figure 2. HPLC-ED detection of serotonin in surf clam tissue extracts.

Left trace: Detection of standards following injection (umw} of 4.4 ng ot

serotonin (5-HT) and 3.5 ng of 3,4-dihydroxybenzylamine (DHBA). Right

trace: Chromatogram of surf clam gonad extract run consecutively to the

standard. DHBA was used as an internal standard (sec Materials and

Methods). Note in the right trace that an unidentified peak ('.') is shown that

does not correspond to any other serotonin-related or catecholaminergic

compounds tested, e.g.. 5-hydro,xy-3-indoleacetic acid. A'-acetyl-serotonin.

epinephrine, norepinephrine.

(stage 4. P < 0.00 1, Fig. 5). Using one-way ANOVA on

ranked data, we found the same relation between gonad

weight and gonadal stage in males and females analyzed

separately (not shown).

Localization of serotonin immunoreactivity

In agreement with the detection of serotonin in gonads by

HPLC/ED. serotonin-immunoreactive (5-HT-IR) fibers

were detected in surf clam gonads of both sexes. Control

sections (treated as described in Materials and Methods)

were devoid of any staining in gonads (not shown). 5-HT-1R

fibers were observed in specimens from all gametogenic

stages. Transverse sections of acini show 5-HT-IR fibers

located at the periphery of each acinus, with variations in

their distribution among the gametogenic stages as shown

for females (Figs. 6 and 7). Thus, in active-phase females

(Fig. 6A). 5-HT-IR fibers surrounded each acinus, where

they formed a thin discontinuous innervation field. At low

magnification, little difference in 5-HT-IR staining was

apparent between active-phase and ripe-phase females (Fig.

6A. B), even though the alveolar wall was much thicker in

the former (compare Fig. 7A and B). However, in ripe
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Figure 3. Average serotonin concentration in surf clam gonads during

the gametogenic cycle. Data from both sexes are combined. The gameto-

genic cycle was divided into four stages: (1) active phase. (2) ripe phase.

(3) partially spawned phase, and (4) spent phase. The letters a and b

indicate relationships among the stages. The two stages ( 1 and 4) marked

"a" are not different from each other, but they are significantly different

from the stage (2) marked "b". The stage (3) marked "ab" is not signifi-

cantly dillerent from any of the three other stages. Vertical error bars

correspond to the standard error of the means (SEM).

females, the staining around acini was more frequently

interrupted (Fig. 6B), and it was concentrated in varicosities

within 5-HT-IR fibers (Fig. 7B). It was also noted that

staining was observed neither on or in oocytes present in

gonad sections (Fig. 7B) nor in isolated oocytes (not

shown). In the subsequent stage, when spawning had begun

and acini contained fewer ripe oocytes in their lumen,

different patterns of 5-HT-IR fibers could be seen (Figs. 6C,
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Figure 4. Average serotonin concentration in surf clam gonads during

female and male gametogenic cycle. The gametogenic cycle was divided

into four stages: (1) active phase. (2) ripe phase. (3) partially spawned

phase, and (4) spent phase, for both females ( 9 ) and males < 6 ). The only

significant differences were found in females between gonadal stages I and

2. I and 3. 2 and 4. and .1 and 4. The letters a and b indicate relationships

among the stages. The two stages marked "a" are not different from each

other, but they are significantly different from the other two stages marked

"b". In males, none of the stages were significantly different one from

another. Vertical error bars correspond to the standard error ol the means

(SEM).
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Figure 5. Average gonad wet weight in surf clam gonads during the

gametogenic cycle. Data from both sexes are combined. The gametogenic

cycle was divided into four stages: (I) active phase, (2) ripe phase. 1 3 1

partially spawned phase, and (4) spent phase. The letters a and b indicate

relationships among the stages. The two stages (I and 4) marked "a" are

not different from each other, but they are significantly different from the

other two stages (2 and 3 ) marked "b". Vertical error bars correspond u> the

standard error of the means (SEM).

1C). Staining depended on the spawning condition of the

acinus. Acini that were still full of oocytes showed the same

immunoreactive staining as ripe females (Fig. 6C), whereas

acini that had begun to expel some oocytes showed an

uninterrupted staining all around the acinus (Fig. 7C). Also,

in contrast to ripe-stage gonads exhibiting generally a single

5-HT-IR fiber running parallel to the acinus (Fig. 7B), acini

devoid of most of their oocytes in partially spawned gonads
had more numerous fibers in diverse orientations (Fig. 7C).

As the spent phase was reached, almost all mature oocytes

have been expelled, and gonadal tissues began to disrupt. At

this stage, some acini remained recognizable, whereas oth-

ers were completely disrupted or apparently shrunken (Fig.

6D). In nondisrupted acini, as well as in disrupted acini

constituting the major part of the gonad, the meshwork of

5-HT-IR fibers appeared more disorganized and spread over

a larger area than in other stages (Fig. 6D). In addition, these

fibers displayed no specific orientation plan, sometimes

being parallel to the alveolar wall and sometimes perpen-

dicular or at any other angle (Fig. 7D).

Figure 6. Localization of serotonin immunoreactivity in surf clam female gonads during the gametogenic cycle.

The gametogenic cycle was divided into four stages: (A) active phase, (B) ripe phase. (Cl partially spawned phase,

and (D) spent phase. Note in A the localization of staining indicated by arrows surrounding active-phase acini. Note

in C a meshwork of serotonin-immunoreactive fibers in a tangential gonad section (arrow}.
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Figure 7. Epifluorescence micrographs of serotonin immunoreaclivitv and DNA staining (Hoechst 33258)

in surf clam female gonads during the gametogenic cycle. Serotonin-immunoreactive elements are stained in red

and DNA in blue. The gametogenic cycle was divided into four stages: (A) active phase, (B) ripe phase, (C)

partially spawned phase, and (D) spent phase. Note in A and B the width of the alveolar wall (between white

(iirmi-.v). Also, note in B the two varicosities of serotonin-imnnmorcactive projection (wllmv arrows}. GV:

germinal vesicle ot ripe oocytes. Scale bar, 50 (urn.

During the male gametogenic cycle (Fig. 8). the distribu-

tion of 5-HT-IR fibers was similar to that of females. In

active-phase males (Fig. 8 A), granular acini were sur-

rounded by a few 5-HT-IR libers that formed a thin inner-

vation field. As they reached the ripe phase (Fig. 8B), male

acini displayed an interrupted staining pattern resulting

mostly from varicosities within one 5-HT-IR liber. In males

that had already begun to spawn (Fig. 8C), several 5-HT-IR

fibers occupied a larger innervation field around the acinus

than in ripe-phase gonads. After sperm had been completely
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Figure 8. Localization of serotonin immunoreactivity in surf clam male gonads during the gametogenic

cycle. The gametogenic cycle was divided into tour stages: (A| active phase. (B) ripe phase, (C) partially

spawned phase, and (D) spent phase. Note in A the localization of reactive fibers surrounding two acini (arrows).

expelled from acini (Fig. 8D), the immunoreactive field

around recognizable acini was expanded as in females.

Discussion

The present study provides immunohistochemical and

biochemical evidence for the presence of serotonin within

the gonad of the surf clam, Spisula solidissima. Although
serotonin has been reported from the gonads of some other

bivalves, our work is the first to report changes in the pattern

of gonadal serotonin innervation during the various stages

of the gametogenic cycle. During the active phase (stage 1)

when clam gonads contain small but recognizable gametes,

some serotonin-containing fibers are detected covering the

surface of the germinal acini, an observation also reported

for scallops at a similar stage (Croll el ai, 1995). However,

later in the season, in ripe gonads (stage 2), these varicose

fibers conserve a similar shape and can be easily detected,

but they appear less numerous along the germinal acini than

in the previous phase, an observation never reported for

other bivalves. Concurrently, the gonadal serotonin concen-

tration (measured as nanograms of serotonin per gram of

gonadal tissue) is, at this phase (ripe phase), significantly

lower than in the active phase. This was also observed for

the female gonad portion of the hermaphrodite Argopecten

ptirpiinitits, in which the serotonin concentration decreases

during the 2 weeks before the second annual spawning

(Martinez and Rivera. 1994). When spawning has begun,

and the total mass of gonads starts decreasing, a more

extensive network of conspicuous serotonin-containing fi-

bers is detected around the germinal epithelium. Croll et al.

(1995) made similar qualitative observations with scallops,

that were not, however, supported by any parallel significant

changes in serotonin levels. When surf clams have com-

pleted spawning (stage four, spent phase) and almost all

mature gametes have been expelled, leaving nearly empty,

shrunken, and lower-mass gonad, numerous serotonin-con-

taining fibers encircle the acini, as also reported for the

scallop Placopecten magellanicus of the same gonadal stage

(Croll et ai. 1995). This observation is supported by a

significantly higher serotonin concentration in comparison

with values obtained from ripe clams (stage 2). Thus, unlike

Argopecten pnrpurutns (Martinez and Rivera, 1994). in
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which the serotonin concentration decreases after spawning,

clams show an increase in serotonin, and the concentration

presumably remains high until the subsequent ripe stage.

In contrast, even though similar qualitative changes could

be observed in the serotonergic innervation in male gonads

during the gametogenic cycle, these observations are not

paralleled by significant changes in serotonin concentrations

between the various gametogenic stages. This may be partly

due to the great variations in serotonin concentrations be-

tween individual specimens and the small sample size for

the fourth phase (spent phase) of the gametogenic cycle.

Indeed, since overall immunohistochemical observations

are similar in male and female surf clams and the male

gonad mass varies in the same manner as the female, we

would expect a similar regulation of the gonadal serotoner-

gic network in both sexes. Indeed, the gonadal serotonin

concentrations are largely at comparable levels in both male

and female surf clams and their responsiveness to injected

serotonin is similar, thus suggesting that gonadal serotonin

has equivalent roles in the reproductive processes in both

sexes.

Overall, we find that gonadal serotonin concentration is

correlated with total gonad mass. Indeed, the significant

decrease in serotonin concentration during the ripe phase

(Fig. 3) most probably reflects the major increase in the total

mass of gonads when they are ripe (Fig. 5). Since this

increase in total gonadal mass is mostly due to multiplica-

tion and growth of gametes, which are devoid of serotonin,

this results in a lower serotonin concentration when ex-

pressed in nanograms per gram of gonadal tissue. In con-

trast, when spawning is complete and the total gonad mass

is low, the serotonin concentration is high. Therefore, the

total serotonin content within gonads appears to remain

rather stable at substantial levels throughout the gameto-

genic cycle. In Spisula, since endogenous serotonin is

present in the ripe-phase gonad, and since exogenous sero-

tonin induces the release of gametes, serotonin is believed to

be directly involved in the spawning process. Our observa-

tions of a stable gonadal serotonin content throughout ga-

metogenesis suggest that the gonadal serotonin release that

presumably induces spawning might be restricted in time,

with normal levels being rapidly reestablished. In addition

to inducing spawning, this release of serotonin in the gonads

could also enhance the fertilizability of oocyte by sperm in

vivo, as reported /;; vitro for isolated S/^isnln oocytes (Juneja

ct til.. 1W3). In conclusion, our present work clarities the

localization and pattern of serotonin and its quantitative

fluctuations during the gametogenic cycle. This opens new

avenues for further investigations on issues such as the

neuronal regulation of serotonin release and the nature of

the gonadal serotonin receptors involved in the reproductive

process.
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Fertilization Success in Marine Invertebrates:

The Influence of Gamete Age
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Abstract. Gamete age has been postulated to be unimpor-

tant to the fertilization ecology of marine invertebrates.

However, recent research suggests that, for some species at

least, it may have a direct impact upon fertilization success.

We present comparative data on the influence of gamete age

on fertilization and development success in several marine

invertebrates: the polychaetes Arenicola marina and Nereis

virens and the asteroid echinoderm Asterias rubens. Oo-

cytes are much longer lived in the polychaetes than in the

echinoderm, with A. marina oocytes still capable of fertil-

izing and developing normally 96 h post-spawning. Devel-

opmental abnormalities and failure to reach blastula tend to

occur well before the fertilizable life of the oocytes has

expired. Sperm are similarly longer lived in the polychaetes;

however, fertilizing capacity is markedly reduced following

incubation in conspecific egg-conditioned seawater. These

results are discussed in terms of the fertilization strategies of

the three species. We further suggest that, for A. marina at

least, longer-lived sperm and eggs are central to the fertil-

ization strategy of this species.

Introduction

Whether the length of time that sperm and eggs are viable

following spawning affects the reproductive success of

broadcast spawning species is a subject for debate. The view

of workers such as Levitan et al. ( 1991 ) is that dilution of

gametes below fertilizable concentrations occurs well be-

fore the viable life of the gametes has expired, leading to the

hypothesis that gamete longevity is not important to the

fertilization ecology of free-spawning species. Yund (2000)
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suggests, however, that adaptations to reduce sperm limita-

tion may lead to high levels of fertilization success, al-

though sperm dilution effects remain undoubtedly important

for certain shallow subtidal free-spawning echinoderms and

molluscs. Circumstances in which gamete longevity is com-

bined with reduced gamete dilution due to the viscous

nature of the fluids in which gametes are released may
increase fertilization levels in free-spawning species. This

has been demonstrated recently in Strongylocentrotus droe-

bacliiensis using laboratory investigations (Meidel and

Yund, 2001). A different situation exists in the brooding

starfish Leptasterias polaris. in which sperm deposited on

the substratum are not dispersed, but remain quiescent until

activated by female spawning (Hamel and Mercier. 1995).

In such cases, longer-lived sperm would be a distinct ad-

vantage. Sperm longevity is also important in some inter-

nally fertilizing ascidians where females filter large volumes

of seawater, which can result in the collection and concen-

tration of diluted sperm to effect a high level of fertilization

many hours after male spawning (Bishop, 1998).

This study investigates egg and sperm longevity of the

polychaetes Arenicola marina and Nereis virens and the

asteroid Asterias rubens. which are all species that have

seasonal reproduction. Arenicola marina and Asterias

nibens are annual iteroparous species, while N. virens is

semelparous. The findings will be discussed in an ecological

context. The mediation of sperm activity by egg compounds

will also be examined to a certain extent for Arenicola

marina and Asterias rubens.

In most populations of the lugworm Arenicola marina.

spawning is epidemic, cued by environmental and endoge-

nous factors (Bentley and Pacey, 1992; Watson and Bent-

ley. 1998; Watson et al.. 2000). and takes place over only a

few days in late autumn in most localities (Williams ct al..

1997). Male and female lugworms exhibit different spawn-

ing strategies. Females spawn their oocytes into the U-

34
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shaped burrow, which is irrigated on the Hood tide, drawing

sperm-enriched water into the fertilization site. Males re-

lease sperm puddles onto the surface of the sediment at low

water, ejecting small streams of sperm from the tail shaft of

the burrow. The sperm coalesce to form a dense puddle with

a highly cohesive, oily consistency. In this state the sperm
are quiescent (Pacey el al.. 1994a). On the flood tide, the

sperm puddles are dispersed across the beach, affording

females the opportunity to "collect" sperm for fertilization.

Field studies of fertilization success indicate that it is highly

variable, between 0% and 100% (Williams el al.. 1997).

The king ragworm. Nereis virens. spawns only once at

age 2-5 years, during periods of spring tides in early spring

along the East Coast of Scotland. Sperm develop as tetrads,

and ripe males are characterized by having free-swimming

sperm within the coelomic cavity. Spawning is character-

ized by swarming, when ripe males leave the sediment and

swim actively in the water column releasing gametes (Bass

and Brafield, 1972), and the female remains in the substra-

tum depositing her eggs on the surface of the sediment.

Asterias mbens generally spawns during spring in north-

ern European waters, although more northerly populations

spawn in the late spring or early summer (Nichols and

Barker. 1984). Oocyte maturation and spawning is initiated

by 1 -methyl adenine (Kanatani. 1979). During spawning, A.

mbens adopts a spawning posture typical of many asteroids.

Waves of contraction pass along the arms of the starfish and

the central disc is raised several centimeters off the substra-

tum so that the starfish is supported on the tips of its arms.

Materials and Methods

Collection and maintenance of experimental animals

Mature specimens of Arenicola marina were collected by

digging from an intertidal sandflat at Red Wharf Bay, An-

glesey, North Wales (5318.6'N 412.0'W). This popula-

tion spawns epidemically during spring tides in early

December, and ripe individuals (responsive to endocrine

manipulation to stimulate spawning) were available from

mid-November. In the laboratory, worms were sexed and

housed individually in polyethylene pots with fresh filtered

seawater in a controlled temperature room under ambient

temperature and illumination. The worms were left for at

least 24 h before use in experiments to allow gut contents to

be voided, and the water was changed daily.

Gravid individuals of Nereis virens were provided by
Seabait Ltd. (Ashington. Northumberland) and collected by

digging from a designated broodstock bed during late Feb-

ruary and March. In the laboratory, the animals were stored

in polyethylene pots with a layer of gravel and 0.5-mm

diameter holes drilled into the walls and lid. The pots were

then placed into single-sex, flow-through tanks and main-

tained at 5C with ambient illumination. Using farmed

animals rather than field-collected specimens provides ani-

mals at a known stage of reproductive development. Ani-

mals at the peak of gamete development ( 100% fertilization

and development to blastula. free sperm in coelomic cavity.

and some spontaneous spawning) were selected for use in

experiments.

Specimens ofAsterius nihcns were collected from fishing

creels set at a number of sites around the East Coast of Fife,

Scotland. They were stored in large tanks ( 1 m X 3 m X

1 m) with a continuous flow-through of fresh seawater and

maintained under conditions of ambient temperature and

illumination. Starfish were used within a week of collection.

induction and collection of gametes

Arenicola marina. Mature oocytes were collected from

animals induced to spawn by injection of homogenized

prostomia from mature females, as described by Pacey and

Bentley ( 1992). Each recipient female was injected with one

prostomial equivalent of homogenate and placed into fresh

seawater to spawn. Upon spawning, excess water was de-

canted. and the eggs were washed twice by resuspending in

100 ml sterile filtered seawater (SFSW). They were then

allowed to settle out, and a sample was transferred to

microcentrifuge tubes. The density of settled eggs in the

tubes was determined by counting microliter volumes under

a compound microscope.

Sperm maturation through the injection of 8.1 1.14-eico-

satrienoic acid. To induce spawning, each gravid male was

injected with the sperm maturation factor 8.1 1.14-eicosa-

trienoic acid (Sigma), using an optimal concentration of 13

jag g~' body mass (for full details see Pacey and Bentley.

1992). A 200-/il Gilson pipette was used to collect sperm

dry (i.e.. undiluted) as it emerged from the nephromixia.

The sperm samples were placed into microcentrifuge tubes

and left for a few minutes to allow them to coalesce to

maximal concentration; the excess water was then pipetted

off.

In vitro maturation of coelomic sperm. Sperm were acti-

vated in vitro by incubation in appropriate concentrations of

S.I 1 . 1 4-eicosatrienoic acid (Pacey and Bentley. 1992).

Samples, about 200
ju.1

in volume, of coelomic fluid were

withdrawn from the coelomic cavity of gravid males and

placed in microcentrifuge tubes. This allowed multiple sam-

pling from each male. Coelomic samples were incubated

with equivalent volumes of 1 X 10
4 M 8,1 1.1 4-eicosatrie-

noic acid. They were thi n shaken by hand and left for 30

min at 8C to mature. The mature sperm typically coalesced

into oily droplets at the bottom of the tube, and the excess

fluid was removed. Mature sperm had the same fertilizing

capacity as normally spawned sperm. This technique was

used when large numbers of small samples of sperm were

required and when only the eggs were the subject of inves-

tigation.

Nereis virens. Samples of oocytes were withdrawn from
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the coelomic cavity with a disposable 1-ml syringe. The

oocyte sample was expelled into about 100 ml SFSW and

allowed to settle before being washed again in the same

volume. Samples of eggs were then transferred to micro-

centrifuge tubes, and the density of settled eggs was deter-

mined. Coelomic sperm were withdrawn using a syringe

and stored dry (i.e., undiluted) in microcentrifuge tubes at

8C until required.

Asterias nihens. Mature oocytes were collected following

injection of 1 -methyl adenine (1-MeAde) into ripe individ-

uals of Asrerius nihens. Fresh starfish were collected from

the aquarium and placed in about 100 ml SFSW in glass

bowls. One to two ml of 10
4

A/ 1-MeAde (prepared in

seawater) was injected through the aboral surface of one of

the arms. This gave an approximate concentration in the

animals of 1 X 10~
h M 1-MeAde. Mature oocytes were

collected from the bowl, washed twice in SFSW. and trans-

ferred to a beaker with about 100 ml SFSW. Settled egg

density was determined as described above.

Axterias nibenx sperm were also collected by dissection

of gonadal tissue. Pieces of excised testis were placed in a

small petri dish containing 10 ml SFSW. Gentle probing

with a pipette tip led to the extrusion of sperm from the

tissue, which was collected dry using a 200-/J.1 Gilson

pipette. This technique was used only when eggs were under

test. Sperm collected following spawning induction were

used during investigations of sperm performance.

Oocvte age

Mature oocytes were harvested as described above. Ap-

proximately 10
(1

eggs from each female were transferred to

separate autoclaved beakers containing I I of SFSW. Sam-

pling 1 ml of the mixed egg suspensions yielded between

500 and 1000 eggs. The beakers were then stored at 8C for

the duration of the experiment, and the water was carefully

changed every 4-8 h with fresh SFSW to maintain oxygen
tensions. For Arenicola marina and Asterias nibenx, eggs

from five females were used; for Nereis virens, eggs from

three females were used.

Fertili-ation assay

To discern any decline in fertilization success, it was

necessary to fertilize the eggs with the minimum quantity of

sperm required to achieve 100% fertilization. The fertiliza-

tion assay was conducted by pipetting 1 ml of 5 * HP

sperm ml
'

directly over the eggs in the fertilization

chamber. This gave an overall sperm concentration in the

20-ml volume of 2.5 X 1()
4

sperm ml ', and 100% fertil-

ization was recorded; incidences of abnormal development
at time (possibly attributable to polyspermy) were rare.

Any fall in fertilization success (and hence gamete fitness)

was therefore immediately apparent.

Egg longevity

For Arenicola marina, fresh sperm suspension was pre-

pared //; vitro from at least five males at each time point.

The suspension was examined under the microscope to

ensure the presence of free-swimming sperm; concentra-

tions were determined using a hemocytometer. Suspensions

from each of the males were then pooled to give a final

concentration of 10 ml of 5 X 10
5
sperm ml *. For males

of Asterias nihens. small pieces of testis were excised from

one arm of each of tive males, and sperm were extracted as

described above. Each of the five pairs of testes was sam-

pled only once. After collection, the sperm were treated as

for Arenicola marina. Sperm were collected from Nereis

virens males directly from the coelomic cavity as described

above, and stock solutions of 10 ml of 5 X 10
5
sperm ml"

'

were pooled from at least three males. The fertilizing ca-

pacity of the ragworm sperm was tested. Use of these

techniques permitted each male to be used several times

during the experiment.

Eggs from each species under test were withdrawn from

five females as described earlier. Fertilizations were con-

ducted in sterile 25-ml petri dishes. Three replicate fertili-

zations were conducted for each of the five females at all of

the time points used. At each time point, 500-1000 oocytes

were pipetted in 1 ml of seawater from the storage beakers

into the appropriate petri dish that contained 18 ml SFSW.

One milliliter of pooled sperm suspension was then added to

the petri dish to give a final volume of 20 ml and a final

sperm concentration of approximately 2.5 X 10
4
sperm ml" ';

the petri dishes were then left for 24 h at 8C. Fertilization

success was assessed by examining 150 eggs from each of the

dishes. Oocytes were recorded as fertilized with normal devel-

opment, fertilized with abnormal development, or unfertilized.

Abnormal development was defined as embryos failing to

develop or degenerating. Allowing such eggs to continue to

develop revealed only further degeneration.

Spenn l<>ngevitv at 10^ sperm nil and 10^ sperm ml

Gamete handling. Fresh sperm were collected dry from

each of five male Arenicola marina, five Asterias nihens.

and three Nereis virens: and stock suspensions of 20 ml 5 x

10
y
sperm -ml" 1

were prepared in autoclaved glass petri

dishes. Aliquots of each of the sperm suspensions were

taken and serially diluted to provide 200 ml of sperm

suspension at a concentration of 5 X KV sperm -ml'.

These were then stored at 8-10C for the duration of the

experiment. Oocytes were collected from at least three

females of each of the species and treated as described

above. Fresh oocytes were collected from Arenicola marina

every 24 h, and from Axteriux nihens and Nereis virenx at

each fertilization point.

Fertilizations were conducted in sterile 25-ml petri

dishes. At each time point, 18 ml of SFSW was pipetted into
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the fertilization dishes together with 1 nil containing ap-

proximately 500-1000 fresh oocytes. One milliliter of the

5 X 10
5

sperm ml '

suspension was pipetted into the

appropriate petri dish over the oocytes to give a final con-

centration of 2.5 X 10
4
sperm ml '. One-hundred micro-

liter samples of the 5 X 10
9
sperm ml

'

suspensions were

taken and serially diluted to a concentration of 5 X 10
5

sperm ml ', 1 ml of which was pipetted into the appro-

priate petri dishes. Three replicate fertilizations were per-

formed for each male and treatment used. The fertilization

dishes were then left at 8-1 0C for at least 18 h. Fertiliza-

tion success was scored by sampling 150 eggs from each

petri dish for evidence of cleavage.

Effect of egg-derived compound* upon sperm longevity.

Eggs were collected from Arenicola marina and Asterias

rubens 12 h before the beginning of the experiment from

each of five females by injection of appropriate spawning
hormones, as described above. The oocytes were gently

washed twice in SFSW, pooled, and their density deter-

mined. Approximately 3 X 10
ft

eggs were then carefully

pipetted into an autoclaved beaker containing 300 ml of

SFSW. The suspension was incubated for 12 h at 8C, and

then the upper 200 ml of water was slowly decanted from

the eggs and passed through a 60-^m Nitex mesh. No eggs
were observed on the mesh. The water was filtered to 0.2

/uni. The filtrate was used subsequently to observe possible

effects of egg-derived compounds on sperm longevity (see

below). Eggs from Asterias rubens were used for only

3-4 h before being replaced by fresh samples. However,

oocytes collected from Arenicola marina were used

throughout the experiment and were stored as described

above. The egg concentration was determined and the vol-

ume of water containing 500-1000 eggs calculated.

Sperm were collected dry from each of five males, and

fertilization assays were conducted as above. Appropriate

aliquots of sperm from each male were then taken and

pipetted individually into five crystallizing dishes contain-

ing 40 ml of the egg water (filtrate), to give a final concen-

tration of 5 X 10 sperm -ml"'. As a control, further

aliquots of sperm were taken from each sample and pipetted

into crystallizing dishes with 40 ml of 0.2-^.m-filtered sea-

water that had been left for 1 2 h at 8C.

Results

Oocyte age

The percent fertilization and developmental success of

oocytes from Arenicola marina aged over 5 days are shown
in Figure 1A. Fertilization success remained around 100%
for up to 72 h but then began to fall rapidly, with only a

quarter of oocytes being fertilized at 96 h and almost none

at 120 h. Developmental capacity was not diminished to any

great extent until 96 hours post-spawning (Fig. 2B). This

(A): Arenicola marina

24 48 72 % 120 144

8
10q/sr
M-

"--.^-o-^iB): Nereis virens
3

I 751

24 48 72 96

(C): .Asterias rubens

4 8 12 16 20 24

Egg Age(h)

Figure 1. Oocyte fertilization success at a number of time intervals

following spawning in Arenicola marina (A I, Nereis virens (B), and

Asterias rubens (C). Note the difference in timescale over which oocytes

were viable for each of the species. Standard errors were calculated from

the arcsine-transformed percentage data and back-transformed for presen-

tation.

increase in abnormal development before blastula coincided

with the greatest drop in fertilization success.

Most oocytes of Nereis virens could be fertilized for at

least 72 h after extraction from the coelomic cavity (Fig.

IB); however, the developmental capacity decreased

throughout this period so that from 60 h on, only about 10%

of the oocytes developed to blastula (Fig. 2B). In contrast to

the polychaetes, Asterias rubens showed 100% fertilization

of oocytes for only the first 4 h after spawning (Fig. 1C).

Thereafter, fertilization success fell to zero by 24 h. Cases

of abnormal development rose gradually with increasing

age (Fig. 2C).

Sperm age

Arenicola marina sperm stored at 10
5

sperm ml '

re-

tained a high fertilization capacity up to 60 h post-spawning,

before dropping to almost zero at 86 h (Fig. 3A). The same

graph shows the fertilization success of sperm stored at 10
4

sperm ml" 1

. Success remained high throughout the exper-

iment and continued beyond the time shown in the figure.

When examined, sperm stored at 10
4

sperm mF '

hud
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% 120 144

24

Egg Age (h)

Figure 2. Percentage of oocytes failing to develop to blastula when

fertilized at several time intervals following spawning, from Arenicola

iiiiiiiiiu (A), Nereis virens (B), and Asterias rubens (C). Note the difference

in tiniescalc over which oocytes were viable for each of the species.

Standard errors were calculated from the arcsine-transformed percentage

data and back-transformed for presentation.

coalesced into oily droplets at the bottom of the petri dish,

and in this state it was quiescent.

Nereis virens sperm stored at the higher concentration

was similarly long lived. However, sperm stored at 10
s

sperm- ml"' rapidly lost the ability to fertilize, falling to

almost zero after 24 h (Fig. 3B). In contrast, the fertiliz-

ing capacity of Asterius nibens sperm stored at 10

sperm ml
'

and 10
3
sperm ml~

' was found to be similar

(Fig. 3C). At each of the time points, success was slightly

greater for the sperm stored at the higher concentration, but

both successes fell to approximately zero after 26 h.

Sperm stored in egf> water

It is apparent that egg water had a marked effect upon the

fertilizing capacity of sperm for both Arenieola marina

(Fig. 4A) and Asterius rubens (Fig. 4B). The fertilization

capacity of Arenicola. marina sperm stored in egg water tell

to zero after 28 h, whereas that stored in SFSW remained at

100% (data were the same as in Fig. 3 A). The fall in

fertilization success of Asterias nibens sperm was even

more dramatic, dropping to zero after 8 h. The fertilization

success of sperm stored in SFSW is comparable to the data

presented in Fig. 3C.

Discussion

The longevity of unfertilized oocytes has a marked im-

pact upon fertilization success. This paper demonstrates that

there is a finite period following spawning in which the

oocyte is capable of being fertilized and subsequently de-

veloping to at least the blastula stage. The choice of blas-

tula/early gastrula stage as a cut-off point in the experiments

was an arbitrary decision based on the likelihood that arti-

facts associated with nurturing large batches of larvae might

influence the results. Further development may have been

(A): Arenicola manna

48

100 fpoOO O -O O...

72 96

(B): .\ereis vircns

96 120 144

(C): Asterias rubens

4 8 12 16 20 24

Sperm Age (h)

D
Sperm Stored at 2.5x 10-^ sperm.ml"

'

....o -

Sperm store(i at 2.5x 109 sperm ml" '

Figure 3. Fertili/ing capacity of sperm from Arenicola niurinii (A).

Nereis virens (B), and Asterias rubens (C) stored and aged at two concen-

trations. Note the difference in timescale over which oocytes were viable

for each of the species. Standard errors were calculated from the arcsine-

transformed percentage data and back-transformed for presentation.
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Figure 4. Fertilizing capacity of dilute sperm from Arenicola manna

(A) and Asterias rubens (B) stored either in seawater or in conspecific-

egg- conditioned seawater. Note the difference in timescale over which

oocytes were viable for each of the species. Standard errors were calculated

from the arcsine-transformed percentage data and back-transformed for

presentation.

impeded for some embryos as a consequence of oxygen
tensions or biotic factors (e.g., infection). The blastula/early

gastrula stage, which lasts for a number of hours, also

allowed the success (or otherwise) of early embryonic de-

velopment to be examined and scored without the need for

fixation of the samples.

Very few data exist on the longevity of unfertilized

gametes among marine invertebrates. That there is a limited

life span of gametes was recognized by several early work-

ers (i.e., Lillie, 1915). Recent work has quantified the length

of time that gametes are viable, but as Benzie and Dixon

(1994) point out, this has not been discussed in an ecolog-

ical context. It is generally reported that sperm become

senescent more rapidly than eggs in free-spawning inverte-

brates, their longevity being measured from minutes to 1 or

2 hours (see Levitan, 1995; Table 1 ). This extends across a

range of invertebrate groups including chelicerates (Brown

and Knouse, 1973), echinoids (Pennington, 1985; Levitan

ft ul., 1991), asteroids (Benzie and Dixon. 1994), bivalve

molluscs (Andre and Lindegarth, 1995), and hydroids

(Yund, 1990).

Ooc\te longevity

There are marked differences in the oocyte longevity of

the species studied here. Arenicola marina oocytes remain

fertilizable and capable of developing to blastula for more

than 96 h (Figs. 1 and 2). Oocytes from Nereis virens

remain fertilizable for a similar length of time, but the

probability of producing viable offspring decreases to al-

most zero after 48 h. In contrast, the fertilization capacity of

Asterias rubens oocytes falls to zero after 24 h, while cases

of abnormal development rise steadily throughout. Al-

though there was no evidence for treatment effects on

fertilization rates in this study, it is possible that absolute

fertilization rates differ from those given. Most of the com-

prehensive studies of the effect of gamete age upon fertili-

zation success fail to record the length of time that eggs are

viable. They simply state that the fall in fertilization success

is attributable to a drop in sperm viability and that eggs

remain fertilizable for a short time after the sperm has

senesced. The oocyte longevity of A. rubens is comparable

to the qualitative observation by Benzie and Dixon (1994)

that oocytes of the starfish Acanthaster plane i are fertiliz-

able for "a few hours." Andre and Lindegarth ( 1995) inves-

tigated the independent effect of egg age for the bivalve

Cerastoderma edule. They reported that eggs could give rise

to normally developing embryos for less than 5 h post-

spawning.

Arenicola marina oocytes have a remarkable longevity

compared to those of the free-spawning species mentioned

above and are comparable to the eggs of the ascidian As-

cidia mentula, where fertilization and development pro-

ceeds normally for 96 h after extraction (Havenhand, 1991 ).

Such longevity is not reported elsewhere for externally

fertilizing marine invertebrates, and little is known of the

factors that determine longevity of oocytes. Internal energy

Table 1

Lengths of time that dilute sperm remain viable at concentrations comparable to those in t/iis paper in some of the species for \\hnh .perm longevity

lias been eMensivelv studied

Species
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stores will most likely be involved, and the oocytes of both

Arenicola marina and Nereis virens are considerably larger

than those of Asterias rubens. Following extrusion from the

body cavity, the oocytes will be exposed to a range of

pathogenic bacteria and toxic compounds. Toomey and

Epel (1993) describe embryos of the infaunal echiuran

Urechis caitpo as having a well-developed system for re-

moving toxic compounds that is absent in free-spawned sea

urchin embryos. In addition, antibiotic and antifungal resis-

tance is described for the mollusc Apl\sia kurodai (lijima et

al., 1995). It is likely that the oocytes of Arenicola marina

will have well-developed defense mechanisms to enable

them to remain viable over a longer period of time in the

sediment.

Sperm longevity

The results presented here for the polychaetes (Fig. 3A.

B) are in accordance with a number of studies on echino-

derms (Chia and Bickell. 1983; Levitan ct al.. 1991; Benzie

and Dixon, 1994). The longevity of a sperm suspension is

related to sperm concentration; this has been attributed to

the rate of consumption of oxygen. The fact that concen-

trated sperm respire at a lower rate than dilute sperm
termed the respiratory dilution effect (Chia and Bickell.

1983) has been clearly demonstrated for the echinoid

Strongylocentrotus franciscanus (Levitan et al.. 1991) and

the asteroid Acanthaster planci (Benzie and Dixon, 1994).

Asterias rubens sperm was only slightly longer lived at the

higher sperm concentration (Fig. 3C). Despite not being

assessed over a wide range of concentrations, the dilute ( 10

sperm ml
~

'

) sperm samples for all the species studied here

were considerably longer lived than those of some of the

species studied elsewhere at comparable concentrations (see

Table 1 ). The sperm longevity of the species presented in

this table is less than 5 h. whereas sperm from Arenicola

marina remains viable for more than 72 h (though at a

reduced fertilization success after 48 h). Further, the quies-

cence of concentrated A. marina sperm was shown by Pacey

and Bentley (1992).

Following release from the male, sperm from many spe-

cies require an activation step, which in free-spawning

invertebrates is provided by dilution in seawater. Dilution

raises the pH of the sperm to that of seawater; this has been

shown to activate the spermatozoa of Arenicola marina

(Pacey et al., 1994a). Dilution also leads to a raised respi-

ration rate and a more active swimming behavior. There is

a finite "respiratory life" of a spermatozoon, with those

stored at low density having a shorter half-life than more

concentrated sperm (Chia and Bickell, 1983). Studies on the

swimming behavior of A. marina sperm have shown that it

has intermittent periods of quiescence, which may be mod-

ulated by light radiation (Pacey ct al., 1994b). This has also

been described for tunicates (Brokaw, 1984) and some sea

urchins (Gibbons, 1980). Bishop (1998) attributes the lon-

gevity of ascidian sperm to its intermittent swimming be-

havior, which results in the conservation of energy stores;

such a mechanism could conceivably facilitate the sperm

longevity of A. marina. Temperature may also influence

sperm longevity by changing respiration rate. In the exper-

iments here, sperm was stored at 8C, which was close to

ambient for the time of year but cooler than the tempera-

tures used in the studies presented in Table I .

Havenhand (1991) showed that sperm from a solitary

ascidian (Ascidia mentula) can successfully fertilize oocytes

for up to 48 h after release and that eggs are similarly longer

lived. This longevity was subsequently confirmed for three

other ascidian species (Bolton and Havenhand, 1996;

Bishop, 1998). The situation in these ascidians is slightly

different from that of other free-spawning invertebrates in

that the female retains the eggs and fertilization is facilitated

by the female collecting the sperm and brooding the eggs. A

high fertilization success occurs at sperm densities that are

low (around 10 sperm ml" 1

), which is in contrast to the

results of studies by Levitan et al. (1991) and Benzie and

Dixon ( 1994) on echinoderms.

One factor that should be considered when comparing

species that have slightly different fertilization strategies is

that the term "dilute sperm" is a relative one and that it is

functional dilution level that is important. For example,

some free-spawning echinoderms require hundreds of thou-

sands of sperm per milliliter in the surrounding water to

effect a reasonable fertilization success (Levitan et al.,

1991). Conversely, some (male only) free-spawning ascid-

ians capture sufficient sperm from the surrounding water to

fertilize eggs at concentrations measured in the tens of

sperm per milliliter, long after male spawning has ceased

(Bishop, 1998). Comparisons of the impact of dilution on

longevity between these species would therefore be tenu-

ous, since the fertilization strategy is clearly different.

Within the species used in this study, it is interesting that

sperm at the lower concentration are longer lived in Areni-

cola marina than in the others, as this species has a fertil-

ization strategy more akin to the ascidian than are the

strategies of the other two species.

Impact of egg-conditioned water on sperm activity

For many years before the phenomenon was unequivo-

cally demonstrated, investigators suspected that chemical

attraction and subsequent taxis of a sperm towards an egg

occurred in animal phyla. It has, however, been known for

over a century in plants, and much is known of the nature of

the chemical attractants. in the marine brown algae partic-

ularly (Maier and Miiller. 1986). Chemotaxis in marine

invertebrates was first shown by Dan ( 1950), in a medusoid

cnidarian; extensive work by Miller during the 1960s and

1970s demonstrated chemotaxis in a number of other spe-
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cies of Cnidaria (Miller. 1970: 1978). It has since been

demonstrated in a number of phyla including molluscs

(Miller, 1977: Miller ct nl.. 1994). arthropods (Limnhts sp..

Clapper and Brown. 1980), echinoderms (Miller. 1985). and

tunicates (Miller, 1975). Whether such chemotaxis exists in

annelids is inconclusive at present.

Chemicals derived from the egg can have three types of

effect upon the swimming of the sperm. First, they can

initiate swimming (e.g., Limulus sp.. Clapper and Brown.

1980): second, they can increase swimming velocity; and

finally, they can cause the sperm to swim in a directed

manner towards the egg (see Miller. 1984. for review of

sperm swimming behavior). The outcome of these behav-

iors is simply to increase the probability of sperm-egg
interaction. It is believed that the principal effect of a sperm
attractant that is released from the spawned egg is to create

a larger surface area for the egg, thus making "larger tar-

gets" for passing sperm (see Cosson, 1990). However, the

distance over which the attractants are effective will be

limited by the constraints of sperm swimming capacity and

by hydrodynamic effects.

Incubation of Arenicola marina sperm and Asterius

ruhens sperm in egg-conditioned water dramatically re-

duced their respective half lives. The fertilizing capacity of

Arenicola nuirimi sperm dropped to zero after little more

than a day, and Asterius ntbens sperm produced almost no

fertilization after 4 h. These results are similar to data

obtained by Bolton and Havenhand ( 1996) for the solitary

ascidians Cionci intestinalis and Ascidiella aspersa. whose

sperm is usually active for more than 12 h. It seems likely

that the egg-derived compounds studied here act by raising

the activity and respiration levels of the sperm, in a mech-

anism similar to that described by Suzuki and Garbers

(1984). Bolton and Havenhand (1996) noted that ascidian

sperm incubated in egg water swam more often than those

incubated in seawater. We found some preliminary evi-

dence to support the hypothesis that egg compounds in-

crease the rate of sperm respiration in Arenicola marina, but

limitations of the experimental equipment prevented a more

rigorous investigation of this hypothesis.

Ecological considerations

Oocyte longevity is probably related to the mode of

reproduction of a species. Data gathered from the field

indicate that the oocytes of Arenicola marina may be

spawned early in the spawning period (Williams el al..

1997). Fertilization success is limited by sperm puddle

density, and not all oocytes are fertilized after one exposure
to sperm. Consequently, longer-lived oocytes confer an

advantage by being capable of fertilizing and developing up
to 5 days after spawning. We propose that the fertilization

strategy of A. marina is that the female releases her eggs at

the beginning of the spawning period, and that overall

fertilization success is the result of an accumulation of

fertilizations over the 4- to 5-day spawning period (see

Williams el al., 1997). In comparison, the eggs and sperm of

Nereis virens and Asterias nihcn.\ are more likely to be

dispersed by water currents before their longevity has ex-

pired, according to Levitan ( 1995). However, the dilution of

gametes beyond fertilizable concentrations in the tield has

been examined for only a few species of echinoderm, and

the theory that dilution is more important than longevity

may be found not to hold true for a wider range of free-

spawning species. Thomas has demonstrated that the vis-

cosity of egg and sperm fluids in several free-spawning
echinoderms (Thomas, 1994a) and polychaetes (Thomas.

1994b) is such that dilution is delayed and gamete longevity

may still be important.

The longevity of Arenicola marina sperm at low densities

may also be an adaptation to the fertilization strategy of this

species. Sperm are released onto the surface of the sediment

at low water, where they coalesce into dense puddles. It may
be several hours before they are dispersed by the tide, so the

lack of activity in high concentration, which is further

enhanced by light (Pacey el al., I994b). prevents the sper-

matozoa from expending too much energy while they are

remote from the eggs. After the sperm are diluted and

carried into the female burrow, there may be a further delay

before they encounter an egg, because the rate of irrigation

of the female burrow is low. Consequently, interaction

between sperm and egg in Arenicola marina may occur

many hours after either has been spawned, in contrast to

most other free-spawning invertebrates.

Egg-derived compounds could play an important role in

the fertilization success and thus the fertilization strate-

gy of Arenicola marina. Stimulatory compounds from the

eggs would ensure that sperm were most active when close

to an oocyte. Thus, there is a twofold process. The hydro-

dynamic factors bring the sperm and eggs into brief contact,

and the chemicals emanating from the egg stimulate the

sperm to respond. The lack of turbulent mixing in the

female burrow of Arenicola marina and the comparatively

long viable life of the sperm may mean that compounds
released by the egg that enhance sperm swimming are of

particular importance in increasing the probability of en-

counters between sperm and egg.
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Abstract. The eyestalk of many crustaceans contains the

X-organ, the presumptive site of production and release of

many protein and peptide hormones into the hemolymph.
Removal of the eyestalk deprives the animal of these hor-

mones and is known to affect many physiological processes

in the adult and developing larva. In the snapping shrimp

Alpheus heterochaelis Say, eyestalk ablation performed

early in larval development has profound effects on mor-

phogenesis, causing the appearance of supernumerary larval

stages, accompanied by retardation and even complete ar-

rest of morphogenesis. In this study, we examined the

effects on morphogenesis of bilateral eyestalk removal at

carefully controlled intervals. We found that the crucial

point for this operation the point at which the animal

attains the ability to metamorphose fully is just before the

onset of ecdysis to the third instar. Additionally, the pattern

of development and morphogenesis among body segments

follows a discernible double gradient pattern along the ante-

rior-posterior axis in which the extremities of the animal

attain the potential for morphogenetic advance prior to the

central thorax. This pattern of morphogenesis, punctuated

by ecdysis, is a continuous rather than a stepwise or com-

partmentalized phenomenon.

Introduction

In decapod Crustacea, larval morphogenesis generally

consists of small increments of structural change (from the

initial hatching morphology) manifested as several zoeal

Received 12 June 2001; accepted 27 November 2001
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instars, culminating in a distinct change (metamorphosis) to

a "postlarva" or "megalops" that more closely resembles the

adult form (Williamson. 1982: Felder et ai, 1985). The

metamorphic molt is usually of sufficient magnitude for the

postlarva to assume the life habit of the adult, but some

larval features may be retained until the next molt, to a

juvenile form that is similar to the adult except for size.

Morphogenesis and molting history can be affected by

environmental factors such as diet, temperature, and photo-

period (reviewed in Knowlton, 1974), and by hormonal

cues. An "X-organ-sinus gland complex," located in each

of the paired eyestalks just medial to each optic complex,

has long been known as a source of many hormones that can

affect various physiological processes either directly or

indirectly in adult decapods (reviewed in Carlisle and

Knowles, 1959; Passano. 1960, 1961; Welsh, 1960; Kelly,

1967; Jenkin, 1970; Kleinholz. 1976; Cooke and Sullivan,

1982; and Fingerman, 1987). This complex also plays a role

in control of larval development (reviewed in Christiansen,

1988; Charmantier and Charmantier, 1998). Eyestalk abla-

tion has been shown to produce supernumerary larval

stages, larval-postlarval intermediates, or both in various

crustaceans such as Rhithropanopeus harrisii (Costlow.

1966) and Homanis americanm (Charmantier et ai, 1985;

Charmantier and Aiken, 1987).

Larvae of the snapping shrimp Alpheus heterochaelis Say

from coastal North Carolina (described by Knowlton, 1973)

exhibit some unique developmental features. The larval

phase is abbreviated, lasting only 4-5 days when reared at

22-25C and consisting of three larval (zoeal) and one

postlarval stage. The larvae hatch with a large amount of

stored yolk and oil. which they apparently use as the sole

source of energy throughout the larval period. Exogenous

43
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feeding does not begin until the postlarval stage when the

mouthpurts develop into functional feeding organs (Gross

and Knowlton, 1991 ).

Eyestulkless A. heterochaelis larvae have been observed

to form larval-postlarval intermediates consistently as long
as eyestalk removal is performed prior to the midpoint of

larval Stage III (Knowlton, 1988, 1994). An array of dif-

ferent morphologies was discerned, depending on the time

(during the second and third larval instars) that the eyestalk

extirpation was performed. Knowlton ( 1994) described four

types of larval intermediates, designated stages IVA

through IVD, each possessing more developmentally ad-

vanced features and occurring between stage III and the

postlarva. In his study, operations were performed once a

day at the same time of day over the 4- to 5-day larval

period. In the present study, this protocol was refined by

increasing the number of time points at which operations
were performed to seven (i.e., at 2 h. at 20 h, and at

subsequent 10-h intervals over the duration of larval devel-

opment), utilizing more animals at each time point, and

maintaining the animals over several instars (molts). Two
series of experiments, each involving larvae hatched from

eggs borne by four different females, were executed. Spe-
cific objectives of these experiments were ( 1 ) to ascertain

whether morphogenesis occurs in discrete steps or is con-

tinuous and (2) to establish if extirpation at various times

results in developmental arrest (either complete or delayed).
and whether there is a critical threshold time after which

development to the postlarval stage is determined.

Materials and Methods

Collection and maintenance of adults

Ovigerous adult female specimens of Alpheus hetero-

chaelis were collected periodically during the summer
months at three sites ("Duncan's Green," "Research Cove,"

and Radio Island) in Beaufort, North Carolina. Each shrimp
was maintained individually in a 2-1 aquarium containing
1 .5 I of aerated (by pump and stone) seawater and an oyster
shell "house" for the shrimp to hide under. The animals

were maintained on a cycle of 14 h daylight and 10 h

darkness and were fed Tetramin large flake fish food ad
lihittnn. Gravid females were assessed daily for brood ma-

turity. To establish the absolute age of any brood, only
larvae for which the hatching event was actually observed

were used.

Reurinu of larvae

Seawater used in all experimental procedures was pre-

pared as described in Gross and Knowlton ( 1997). Hatched

zoea larvae were maintained in UV-treated seawater, which

was further filter sterilized through a 0.45-/im filter to which

me following chemicals were added: 50 ng/ml amphotericin

B. an antifungal agent, plus 50 /xg/ml each of the antibiotics

streptomycin sulfate and ampicillin (ICN Biochemicals.

Costa Mesa, CA). Larvae were maintained in 10 ml of

processed seawater, changed daily, in an incubator at a

constant 25' C to provide optimum development and a

"standard" 4-day larval development pattern for control

animals (Knowlton. 1973). When animals reached the post-
larval and juvenile condition, they were fed freshly hatched

Artemia salina (brine shrimp) nauplii ml lihitinn. General

laboratory procedures are given in Gross and Knowlton

(1997, 1999).

Protocol of operations

Immediately after all larvae in a particular brood had

molted to larval stage II (about 2-3 h post-hatching), a

subset of the brood, designated t2 (for 2 h post-hatching)
was subjected to eyestalk extirpation. A second population
was ablated 18 h after t

2 and designated t-,,,. Eyestalk abla-

tions were then performed at 10-h intervals after t-,,, up to

70 h, with groups being designated accordingly. In a pre-

vious study, it was found that larvae ablated at 10 h post-

hatching (t, () ) closely resembled those of the
t-,,, group (data

not shown; Gross and Knowlton, 1991 ). Typically, eyestalk
ablations at t 2 and t20 occurred during Stage II and all other

ablations during larval stage III, with t, occurring almost

immediately after the molt to stage III. A number of larvae

in each brood were retained as unoperated controls. The
control group and each group of larvae designated for

surgery at a particular time point had roughly equal numbers

of animals.

Analysis of intermediate morphologies

In the first series of experiments, a total of 274 larvae

from four broods were used. After the final set of operations
at t 70 , each larva was individually monitored as it molted to

the intermediate form (stage IV of Knowlton, 1994) or

postlarva (in controls). Data pertaining to size differences

are given in Gross and Knowlton (1999). At this time, the

animal was preserved in 70% ethanol (EtOH). Each larva

was then cleared in 5% KOH. stained using carmine-borax/

35% EtOH. and placed in 100% glycerol by serial transfer,

in preparation for structural examination and measurement

(Guyer, 1906; Gross, 1995). Glycerin was chosen as the

final medium because it maintains the clarity of the stained

specimen; it is significantly more viscous than water, giving
the specimen a greater internal rigidity; and it causes the

otherwise brittle exoskeleton to become pliable, allowing
the appendages to be moved and posed easily during anal-

ysis of larval characteristics. Both dissecting and compound
microscopes were used to analyze morphological features of

the fourth and fifth instar intermediate forms with respect to

time of ablation, and were related to analogous morpholog-
ical characters found in control postlarvae and juveniles.
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In the second series of experiments, a separate set of 629

larvae was used. The procedure was similar to that already

outlined except that the larvae were not sacrificed but were

allowed to continue development through subsequent in-

stars (molts). For consistency, operations on larvae were

performed at the same time points. As they developed, live

animals were examined for morphological diagnostic char-

acteristics (along with instar duration and mortality; see

Gross and Knowlton, 1997). Each larva was assigned a

substage or "form" designation based on the system pro-

posed by Knowlton ( 1994). Two behavioral characters were

also recorded after each molting: (1) the orientation of the

larva dorsal side up (walking posture), consistent with an

adult benthic life habit, or dorsal side down (swimming
behavior), exhibited by pelagic larva; and (2) consumption
of Anemia salina nauplii. as evidenced by food (opacity) in

the stomach.

Results

Analysis of fourth instar (stage IV intermediate)

morphology

The range of intermediates between stage III (third instar)

and the postlarva (normally fourth instar) produced by bi-

lateral eyestalk extirpation in these experiments is consis-

tent with the four broad categories (i.e.. IVA-IVD) estab-

lished by Knowlton ( 1994), but upon closer examination of

individual specimen morphologies, some modifications of

these broad categories are indicated. With more frequent

ablation and monitoring. 10 forms were discerned, whose

major structural features are summarized in Table 1 .

Stage IVA. as described by Knowlton (1994). differs

from stage III (see Knowlton. 1973) only with respect to

abdominal development, and two distinct subtypes of the

IVA form were discerned. In general. Stage IVA, is typified

by very little morphological change. Stage IVA, animals

were "more postlarval" with respect to the tail region (e.g.,

formation of uropodal endopodite and acquisition of the

postlarval number of terminal setae on the telson). How-

ever, the telson of each IV A, larva retained its stage III

shape, with the uropodal exopodite being underdeveloped,

lacking both the spine located on the outer margin and the

distal-most joint, and the endopodite being smaller than that

of a normal postlarva in most cases (69.6% of those exam-

ined). Stage IVA 2 animals often possessed pleopods about

normal postlarval size and bearing long plumose setae (as in

the postlarva); less often (in 31.6% of those examined), the

uropodal endopodite was reduced. The IVA, form was

encountered exclusively among larvae ablated at t2 , whereas

the IVA 2 form was encountered primarily among t
:il

larvae

(Table 2).

Stage IVB, as described by Knowlton (1994), incorpo-

rates the abdominal development seen in the IVA-, form

with an array of morphogenetic advances in the head region.

Table 1

Recognition characters of expunJeJ inicriiicilnilc morphoxenetic

categories { /c/v?/\j

Form Additional ke\ leatures

A, Pleopods asetose (or with very short setae)

A, Pleopods setose (
= Knowlton's stage IVA)

A/B Antennal flagellum with 5 segments

Antennule tlagella as in stage IVA
B Antennal rlagellum with 9-16 segments, protopod with basicerite

Antennular inner and outer flagellum segmented, peduncle with

stylocerite (
= Knowlton's stage IVBl

B/C Exopods of pereiopods 1^-1 setose

Exopod of pereiopod 4 shortened

C, Telson lacks pair of dorsal spines

C 2 Exopods of pereiopods 1 + shorter but setose

Endopods of pereiopods 1-5 with more claw-like dachls

(
= Knowlton's stage IVC)

C/D Exopods of pereiopods 1-3 setose and shortened

Exopod of pereiopod 4 asetose. nearly vestigial

D Exopods of pereiopods 1-2 shorter but setose

Exopods of pereiopods 34 asetose. nearly vestigial

(
= Knowlton's stage IVD)

D/PL Exopod of pereiopod 1 setose, nearly vestigial

Exopods of pereiopods 2^J asetose. vestigial

E Exopods of pereiopods I J asetose. vestigial (as in postlarva)

Telson with two pairs of spines on dorsal surface (as in juvenile)

F Exopods of pereiopods 1-3 vestigial (absent on 4)

Telson with two pairs of spines on dorsal surface (as in juvenile)

G Exopods of pereiopods 1-2 vestigial (absent on 3 and 4)

Telson with two pairs of spines on dorsal surface (as in juvenile)

but development in the thoracic region is not yet seen. Much
variation in form was noted among IVB larvae, especially

with regard to the development of head appendages. A few

larvae had the full (i.e., normal postlarval) complement of 4

segments on the outer flagellum of the antennule, but typi-

cally only 1-2 segments were present. Conversely, the inner

flagellum of the antennule usually was postlarval in form

(possessing 3 segments), but a few larvae had 1-2 segments

added. A wide range of antennal flagellum segments ( 1-22)

was displayed by animals in this form, but even when a full

complement of segments was present (22-26), the overall

length of the antennal flagellum was significantly different

(F ---- 77.30. P < 0.05) than in the normal postlarva.

Although the third and final segment of the antennular

peduncle was usually present, the nasicerite was rarely

added and the statocyst never found among stage IVB

animals. This form was most often produced when eyestalks

were removed late in stage II (t, (1 ) and early in stage III (t, ),

but many other intermediate mils were also produced as a

result of eyestalk ablation during this period (Table 2).

Some larvae, primarily in (he t:o group IVA/B. showed very

little advance over the IVA 2 form but did have 1-2 seg-

ments added to the antennal flagellum (Table 1 ). The A/B

designation indicates that these larvae were not quite equiv-

alent to either the 1VA, or IVB forms.
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Table 2

Distribution <>/ fourth inshir forms at each operative time point (percent of total survivors per operative lime point )

Fourth instar

form
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26). Some specimens possessed 3-segmented inner and

outer antennular flagella (rather than the usual 4 segments),

but the peduncle was always 3-segmented, with basicerite

and statocyst fully developed. These larvae exhibited com-

plete transformation of pereiopods 3-5 to postlarval form.

The endopod of pereiopod 1 was morphologically postlarval

in this stage as well, always being composed of the full

complement of 6 segments, with the elbow-like joint be-

tween merus and carpus, and completion of the joint be-

tween the propodus and dactyl to form a functional chela.

The endopod of pereiopod 2 still showed some variability in

segment number (9-10), but was functionally complete,

with an articulated chela and an elbow-like joint between

the merus and first carpal article. Exopods of pereiopods 3

and 4 were usually devoid of setation and nub-like (Table

1 ), as in the postlarva; in some specimens, however, these

exopods were longer than that of a normal postlarva. Exo-

pods of pereiopods 1 and 2 were not functional but had not

attained the naked nub-like appearance of the postlarva.

Stage IVD animals typically walked ventral side down, like

the postlarva, consistent with the presence of a fully de-

veloped organ of balance (statocyst). They were usually

capable of feeding (also like the postlarva), as evidenced

by the presence of Anemia sulina nauplii remains in the

stomach.

A few animals (C/D in Table 2) ablated at t30 and t40

possessed setose exopods on pereiopods 1-3. Similarly, a

significant proportion of those larvae ablated at t50-t70 pos-

sessed setation only on the exopod of pereiopod 1 (D/PL).

These larvae appeared to be similar to the postlarva in other

respects, except that the second pereiopodal endopod occa-

sionally had 9 segments rather than 10.

In summary, detailed examination of ablated larvae

from each time point yielded in essence a continuum of

stage IV morphologies between larval stage III and the

normal postlarva, and larvae ablated at t30 and t40 showed

the greatest variability in intermediate form morphology

(Table 2).

Analysis offifth instar morphology

Intermediate morphologies encountered at the fifth instar

(i.e., after four molts post-hatching), which is normally the

molt to a juvenile form, are enumerated in Table 3 with the

same nomenclature used to describe fourth instar forms. A

stage V designation identifies fifth instar intermediates,

which are still morphologically intermediate between larval

stage III and postlarva, while E, F, and G designations are

reserved for individuals with characteristics intermediate

between the postlarva (PL) and juvenile (J).

At the fifth instar, some larvae continued to exhibit a lag

in morphological advancement. Some larvae ablated at t,

(IVA, in Table 2) did not exhibit any structural change after

the molt to the fifth instar (Table 3) and were designated

stage VA, since another molt had occurred. However, most

(55.5%) IVA, larvae exhibited slight morphological ad-

vancement (i.e., they were morphologically identical to

stage IVA 2 ) and were designated stage VA 2 . A significant

proportion of animals (39.7', ) advanced to either stage

VA/B or VB (equivalent to IVA/B and IVB, respectively).

All but one of the t 2 animals died during this instar, with

only a single stage VB larva surviving to molt unchanged to

a sixth instar. A similar trend of developmental arrest is seen

among larvae ablated at t20 : 75.8% of animals exhibiting

stage IVAi, IVA/B, or IVB morphology at the fourth instar

(Table 2) did not advance morphologically beyond stage

VB at the fifth instar (Table 3). However, three larvae from

the t
2l) group molted to postlarval form, surviving to molt to

a morphologically normal juvenile by the sixth instar. It is

interesting that three
t-,,,

larvae had morphological features

spanning the gap between form D and the juvenile. These

three larvae (designated VD/PL/J) possessed setose exopods

on pereiopods 1 and 2 (as in form D) and had a telson

morphology (i.e., two pairs of dorsal spines) consistent with

that of a juvenile.

Many (45.0%) of the larvae ablated at t, , which as fourth

instars formed a wide array of larval-postlarval intermediate

forms (Table 2), molted to the juvenile form at the next

molt; nine animals ( 15.0%) resembled normal postlarvae at

the fifth instar (Table 3). A significant number of animals

from this group exhibited characteristics, noted under E in

Table 1, that were intermediate between the normal post-

larva and juvenile. Some larvae ablated at t30 were found to

possess the juvenile telson morphology with vestigial exo-

pod nubs on pereiopods 1-3, or on 1-2 only (remaining

pereiopods being uniramous); these intermediate forms

were designated F and G, respectively (Table 3). Of the

broad spectrum of intermediate stage IV types noted among
larvae ablated at t40 (Table 2), the majority (70.5%) molted

to juvenile at the fifth instar, but most of the others (E in

Table 3) retained all pereiopod exopod rudiments on pereio-

pods 1 t. All larvae from the t50-t 7() groups molted to the

juvenile form at the fifth instar.

All animals surviving to the sixth instar, which attained

some semblance of postlarval morphology at the fifth instar,

were found to exhibit morphology consistent with classifi-

cation as juveniles. Comparing the distribution of larval

intermediates found at the fifth (vs. fourth) instar, larvae

ablated prior to the molt to stage II! (t 2 and t20 ) appeared, for

the most part, to be incapable of completing development

(metamorphosis). Conversely, those ablated after the molt

to stage III (t, through 1 70 ) completed metamorphosis by

the sixth instar. However, animals ablated at t, (and to

some extent at t40 ) showed a definite lag in morphogenesis

relative to larvae ablated at later times and were more prone

to appear as postlarval-juvenile intermediates during the

fifth instar.
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Table 3

Distribution of fifth instar forms at each operative time point (percent of total xnrvivora per operative lime point)
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phological changes among larvae ablated during stage II

(before attaining the IVA or IVB form), our more detailed

analysis showed that by the fifth instar most larvae exhibited

some change in morphology relative to their stage IV coun-

terparts. The majority of t-, animals advanced from form A
,

to the A-,. A/B, or B form, and most t-> animals surviving to

a fifth instar also advanced slightly in form. Thus it appears

that even though metamorphosis is blocked by ablution

before the third instar, morphogenesis is not completely

arrested. Even among larvae that can complete metamor-

phosis to the juvenile form, the effects of eyestalk ablation

may only be overcome over multiple instars and elongation

of the larval period (Gross and Knowlton, 1999). On the

other hand, even though t3n and t
4( ,

larvae were able to com-

plete metamorphosis to a morphologically normal juvenile by

the sixth instar, there was a definite lag in morphogenesis.

Form D animals are substantially different and more

advanced than those of form C since they possess fully

functional (articulating) thoracic endopods (as in the post-

larva) and are able to feed, orient themselves ventral side

down, and walk. It is apparent that at about 35-40 h

post-hatching the third instar larva attains the ability to

make, after molting to the fourth instar, a more "complete"

morphological conversion from a planktonic larval exis-

tence to a more adult benthic existence. Ablation after about

35 h post-hatching more frequently resulted in the stage

IVD form or more advanced forms (up to and including

normal postlarva Table 2). Most t
5( ,

individuals exhibited

morphology consistent with the postlarva (at the fourth

instar). But morphogenesis was not "finalized" until late in

the third instar, since larvae with form D features were seen

even among t 70 animals.

The nature' of the morphogenetic continuum

Carlisle and Knowles (1959) postulated that factors lo-

cated in the X-organ and released at the sinus gland control

molting and that morphogenesis is a stepwise process which

coincides with the molt cycle and may even be controlled by
it. This does not appear to be the case for A. hetemchaelis

larvae, which, when their eyestalks are ablated at various

times, display a continuum of intermediate morphologies

independently of the molting cycle. If molting and morpho-

genesis were inextricably tied, then it would be reasonable

to assume that premature molting would either fail to pro-

duce any morphogenetic advance or would yield a stepwise

array of developmental intermediates. Knowlton ( 1994) ob-

served a limited array of intermediates in experiments in

which eyestalks were ablated only once per day. However,

by increasing the number of time points for eyestalk abla-

tion, a more continuous array of intermediates was produced
that encompassed many more intermediate morphological
forms. Our results argue against developmental patterns in

higher Crustacea being "fixed" (Gurney. 1939). with all

individuals showing exactly the same changes at each molt;

or "compartmentalized" (Fraser, 1936), with individuals

exhibiting morphological variation within a limited range

(compartment). Indeed, they provide ample evidence that

development in these crustaceans is continuous a gradual

process in which different body segments attain the poten-
tial for differentiation into their adult morphology at differ-

ent times. Removal of the eyestalk at intervals makes this

aspect of gradual morphogenetic change more apparent and

shows that molting and morphogenesis are concurrent but

independently controlled processes.

The axis of morphogenetic change

Eyestalk ablation at various times interrupts the normal

process of morphogenesis at different points along the mor-

phogenetic continuum (described above). Differentiation

appears to take place at different rates in each segment in a

"double gradient" pattern. This is well evidenced by the

descriptive data collected from groups of animals at each

ablation time point. The ability to differentiate at the next

molt is attained in the tail region first, with uropodal endo-

pods and pleopods gaining the ability to differentiate to

postlarval form (and size) as early as 2 and 20 h post-

hatching, respectively. Under eyestalk control, ability to

differentiate is attained in the head region slightly later,

since larvae ablated at t, and t, (l begin to exhibit morpho-

genetic advances (changes in form and size of appendages)
in the head region at the fourth instar. The segment bearing

pereiopod 5 gains the ability to metamorphose (i.e., convert

the styliform dactyl to a blunter form and shorten in overall

length) at the fourth instar at about the same time as the

head appendages (around t, (l ), reinforcing the idea that

determination is advancing forward from the tail. Among
eyestalkless animals, determination in the middle region

(thorax) occurs later than in the head and tail region and is

attained in exopods of the third and fourth pereiopods well

before those of the first and second.

Differentiation in form (e.g.. adding segments to append-

ages) precedes the potential for functional changes (e.g.,

formation of movable joints). Pereiopod 5 differentiates to

postlarval length and segment number with the t
3( , group,

but functional joints are not commonly found on this ap-

pendage at the fourth instar in these animals, whereas in the

t40 group the fifth pereiopod is usually fully functional by

the fourth instar. Among larvae ablated at t
3() . the third and

fourth pereiopodal endopo.K were equivalent to controls in

length and segment numb i. but functional joints on these

appendages were generally not seen until later (e.g., among
t40 or t50 animals). At ihe fourth instar, endopods of pereio-

pods 1 and 2 both become functional among larvae ablated

around t40 (or t50 ). They lag behind pereiopods 3-5 in onset

of morphogenesis (reaching postlarval length and segment

number) and attainment of functionality (articulating joints).
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One can hypothesize that, under normal circumstances,

the ability to metamorphose (at the molt to the fourth instar)

is attained at different times by different body regions and

even by specific segments within a body region of the A.

heterochaelis larva. Factors in the eyestalk either control

this process directly, or different body segments become

receptive at different times to a factor or factors released by

the eyestalk. Morphogenetic advance is not manifested until

ecdysis, but the potential for morphogenesis toward the

postlarval form starts early in the second instar, increasing

gradually and continuously over the larval period. This

potential for morphogenesis (differentiation at the next

molt) is not the same along the posterior-anterior axis but

instead may be visualized as a "double gradient" extending

from the posterior and anterior ends toward the thorax. The

trend is that the capacity to differentiate develops in the

abdomen and abdominal appendages (uropods and pleo-

pods) first, followed shortly thereafter by the head and its

appendages, and lastly by the thorax. In the thorax, deter-

mination occurs earliest in the segments bearing pereiopod

5 and maxilliped I, while the last segment to be determined

bears the second pereiopod. Thus, the double gradient si-

multaneously extends forward from the fifth pereiopod and

backward from the first maxilliped, converging on the sec-

ond pereiopod.

Possible mechanisms of hormonal control

Several models could account for the production, through

bilateral eyestalk ablation, of larval-postlarval intermediate

forms and for the double gradient pattern of gradual deter-

mination. One explanation is that eyestalk removal deprives

the developing larva of a critical regulatory principle or

hormone that causes a given segment to transform from

larval to postlarval morphology, and that this potential is

realized gradually or at different times in different seg-

ments. The functional details of these mechanisms are still

a matter of conjecture.

The simplest explanation for the appearance of larval-

postlarval intermediate forms, advanced by Knowlton

(1994), posits the existence of a morphogenetic hormone

(MH) that is secreted by the eyestalk (presumably by the

X-organ-sinus gland complex). This release would neces-

sarily be gradual and begin early in stage II. Imam (1982)

noted that certain tissues having a glandular appearance

early in stage III differentiate in the larval eyestalk, only to

degenerate in the postlarval eyestalk, surmising that these

structures play a secretory role in the control of morpho-

genesis. A morphogenetic hormone would have to activate

different segments at different times: either a segment could

respond when the hormone reached a specific (and variable

from segment to segment) concentration threshold in that

segment, or it could respond only at a specific time in the

morphogenetic continuum. If morphogenetic activation of

certain segments does depend on a certain MH threshold,

then removal of the eyestalk (which deprives the developing

larva of any further production of this hormone) should

produce morphogenetic arrest in those segments presum-

ably the more central thoracic ones that were below

threshold at the time of eyestalk removal. This condition

should be permanent for those segments below threshold,

since circulating liters of the morphogenetic factor would be

below threshold level at the time of ablation. Clearly this is

not the case since almost all larval-postlarval intermediates

produced by means of bilateral eyestalk ablation during

stage III are capable of metamorphosis to a normal form,

given enough time.

If specific segments became responsive to MH at differ-

ent times during the morphogenetic continuum, then in

order for morphogenesis to continue in those segments that

are activated later or at a slower rate, MH would have to be

available in the circulation well after its source was re-

moved. MH would thus have to be an extraordinarily long-

lived factor, which is not typical for circulating hormones.

Alternatively. MH may be released in small amounts during

stage II (enough to instigate abdominal morphogenesis even

after eyestalk ablation), but this release is either not ade-

quate to activate other body regions or other body regions

are unresponsive at this stage. After the molt to stage III,

MH may be released in a quantity high enough to instigate

morphogenesis in all body regions but in a quantity too low

to control the timing of morphogenesis (since larvae ablated

at t
3()

exhibit a wide variety of larval-postlarval intermedi-

ates but can eventually attain the normal juvenile form),

especially in the thoracic region. That is, circulating tilers of

MH may control ihe liming of morphogenesis in each

segment, but aclivalion depends on a certain basal concen-

tration of MH being released.

In insects, morphogenesis is not controlled by a hormone

that instigates the process but by a metamorphosis-inhibit-

ing factor (MIF) or juvenile hormone (JH) that inhibits its

onset until a specific time (pupation). This hormone (JH) is

maintained in high tilers during the larval phase and drops

precipitously at metamorphosis. If the control of metamor-

phosis were similar in the Crustacea, it seems more likely

that the eyestalk produces some sort of regulatory factor,

which controls morphogenesis ihrough a second hormone.

Some inferenlial evidence for a cruslacean juvenile hor-

mone or metamorphosis-inhibiting factor does exist. Free-

man and Cosllow ( 1983) found lhal whole-body extracls of

stage III Rhithropanopeus harrisii larvae inhibited resorp-

lion of Ihe large dorsal spine (characlerislic of Ihe zoea) in

vitro. Further, Laufer and Borst (1988) have advanced Ihe

idea lhat methyl farnesoale (MF), produced in Ihe mandib-

ular organ (MO), functions as a MIF: they established that

control of its secretion is under the influence of tissues in the

eyestalk. It has been shown conclusively that the X-organ-

sinus gland complex secretes a mandibular organ inhibiting
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hormone (MOIH), which controls tilers of MF by inhibiting

its production within the MO (Liu and Laufer, 1996; Wain-

wrighl ct ill.. 1996; Liu et ill.. 1997)

The results of the present research cannot conclusively

distinguish between Knowllon's "MH hypothesis" and the

existence of a M1F, and it may be that both systems exist in

tandem. Knowlton (1994) asserted that in such a case it

would be a balance between MIF and MH that controls the

onset and timing of morphogenesis. But on the basis of this

and other research (e.g., Freeman and Costlow, 1983), it is

possible that one or more factors, released from the eye-

stalk, inhibit MIF function or release from a second gland,

and that different body segments have unique thresholds to

MIF tilers. The hypothesis that the eyestalk produces a

regulatory hormone modulating the release of MIF would

partially explain the double gradient pattern of morphoge-
netic potentiation in A. heterochaelis larvae if, as postulated

by Borst ct ul. ( 1987), the mandibular organ is the source of

MIF and that MIF is in fact MF. Simple proximity to this

gland could be related to circulating tilers of MIF. The

extreme ends of the animal could be subjected to lower

amounts of MIF naturally, by virtue of being the most

distant from the mandibular organ, and thus would be re-

leased from inhibition earlier, while the central body seg-

ments would be proportionately more affected by MIF and

released from inhibition later as tilers of MIF dropped off

under the influence of eyestalk secretion. Release of MIF
and circulating tilers may be controlled by a factor released

from the X-organ-sinus gland complex in the intact animal.

In eyestalkless animals, responsiveness to MIF may drop
over lime (even though circulating tilers may nol). or cir-

culating tilers of MIF may fall even withoul ihe influence of

ihe faclor or factors released by ihe eyestalk (though more

gradually than in intact animals). This could produce the

double gradient effect as each segment becomes progres-

sively less responsive or liters fall below the unique thresh-

old of each segment sequentially.

The idea that MF is the active JH in crustaceans is slill

very much in doubt, but some compelling evidence does

exist. Exposure to MF has been shown to retard metamor-

phosis in H. americaniis (Borst et cil.. 1987). to retard early

development in Macrobrachium rosenbergii (Abdu ct ai.

1998a), and to have a juvenilizing effect on Bali/nits cini-

pliitrite larvae (Smith et /., 2000). However, as pointed out

by Abdu et al. (1998b). these effects could be due to

nonspecific loxicily related lo continuous exposure to MF.

These same aulhors (Abdu et ul.. 1998b) present a strong

case that MF is the direct hormonal agent controlling mela-

morphosis; the arguments are particularly convincing when

coupled with ihe identification of an eyestalk-relaled

MOIH. In relation lo ihese sludies, the present work clearly

indicates thai MIF, be it MF or some other factor, controls

metamorphosis directly and thai the relationship between

morphogenesis and molting is not one that affects molt

timing but one lhal affects hormonal aclivation of the re-

modeling process itself.
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Abstract. The photoreceptors of adult barnacles use his-

tamine as their neurotransmitter and take up H-histamine

selectively from the extracellular medium. We assayed for

the uptake of ^H-histamine into the eyes of the free-swim-

ming (nauplius) and settling (cyprid) larval stages of Bula-

nux ainphitrite. The extracellular space of nauplii proved

permeable to dyes below about 800 molecular weight

(MW), indicating that
3
H-histamine (MW 111) introduced

into seawater would have access to internal structures. H-

Histamine was taken up into nauplii by a process with a KD
of 0.32 H.M. Uptake was antagonized by chlorpromazine,

which also blocks uptake of
3
H-histamine into adult photo-

receptors. In autoradiographs of serial sections of nauplii

and cyprids incubated in
3
H-histamine. the ocelli and com-

pound eyes were labeled; other structures in the animal were

not. No eyes or other structures were labeled with
3H-

serotonin, a related amine whose transporter commonly

transports histamine as well. These experiments show that a

histamine-specific transporter similar to that found in the

adult is expressed in all of the eyes of barnacle larvae. In the

ocelli, where photoreceptors and pigment cells may be

distinguished in the light microscope, label was unexpect-

edly concentrated far more over the pigment cells than over

the photoreceptors.

Introduction

The photoreceptors of a wide spectrum of arthropods,

including various insects, crustaceans, and arachnids, syn-

thesize histamine and use it as their neurotransmitter (re-

viewed by Stuart. 1999). In Drosophila. the photoreceptors

of the compound eyes of adults are immunolabeled for

histamine (Sarthy, 1991; Pollack and Hofbauer. 1991) but

Received 28 June 2001; accepted 20 November 2001.

E-mail: Stuart's 1 med.unc.edu

the photoreceptors of the third-stage larvae are not, suggest-

ing that these cells use a different transmitter (Pollack and

Hofbauer, 1991). Substantiating this difference between

adult and larva is the rinding that mutant flies lacking the

synthetic enzyme for histamine are blind but their larvae are

not (Melzig ct al.. 1996). Indeed, it is likely that the larval

photoreceptors employ acetylcholine as their neurotransmit-

ter (Yasuyama el al., 1995). This observation led us to ask

whether the histaminergic neurotransmitter system is ex-

pressed in the larvae of another arthropod, the barnacle,

where the visual system undergoes dramatic changes during

the animal's life cycle (Thorson. 1964: Crisp and Ritz,

1973; Lang et al., 1979).

Histaminergic photoreceptors take up H-histamine,

added to the extracellular medium, via a histamine-specific

transporter (Stuart etui.. 1996; Melzig et al.. 1998; Battelle

et al.. 1999; Borycz and Meinertzhagen. 2000) and are

clearly labeled in autoradiographs. In the present study, we

used autoradiography as well as biochemistry to assay for

the uptake of
3
H-histamine into the eyes of barnacle larvae.

We find that
3
H-histamine is taken up into both the simple

and compound eyes but not into other cells in the animal.

Thus the larvae have a histamine transporter as does the

adult. Unexpectedly, label was more concentrated over the

pigment cells surrounding the light-sensitive dendrites of

the photoreceptors than over the photoreceptors themselves.

Materials and Methods

Animals and preparations

Nauplius and cyprid larvae of Balanus amphitrite were

obtained from the laboratory of Dr. Daniel Rittschof at the

Duke University Marine Laboratory, Beaufort, North Caro-

lina, where they were collected after induced release from

adult animals maintained in the laboratory (Rittschof et al.,

53
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1984). Nauplii used in experiments were in the first or

second instars of larval development. Larvae were concen-

trated to approximately 2000-6000 nauplii/ml either by

attraction to a spot of light or by cooling to 6C to inhibit

swimming. Nauplii swim actively at room temperature, the

temperature at which experiments were carried out.

Assa\ of
3
H-histamine uptake h\ scintillation counting

Nauplius larvae were incubated in 100
/Ltl

of 0.2 ^.M
3
H-histamine (Amersham; 36-55 Ci/mmol) for 15 nun in

Eppendorf tubes at room temperature in the light, as noted

in the Results. At the end of the incubation, I ml of 12.5 mM
Co:+ /2.5 mM Ca2+ saline was added to the tube to mini-

mize release of any
3
H-histamine taken up (Stuart ct <//..

1996). The contents of the tube were then filtered and

washed with 10-20 ml of 12.5 mM Co:+ /2.5 mM Ca: +

saline using a Millipore 12-unit filtration device (Whatman

GF/C filters). Radioactivity on each filter (in the nauplii)

was then counted using Biofluor scintillate. In experiments

in which ionic content was altered, nauplii were filtered onto

Millipore 0.45-jam filter disks and rinsed with 1 ml of the

altered ion solution. The disk containing the nauplii was

then placed into the incubation saline.

Autoradiography

For autoradiography incubations, larvae were further

concentrated as follows. The larvae were pipetted into the

front chamber of a Millipore filter holder (modified by

sawing off the projecting needle connector) and sucked onto

the filter disk (Millipore 0.45 /MIII) within the unit by an

attached syringe. In this fashion the larvae were concen-

trated onto the filter. This procedure did not kill the larvae;

when the disk was then removed and touched to a drop of

incubation medium, they swam normally. Larvae were in-

cubated in 100 jul of 20 /u/V/
3
H-histamine (Amersham;

36-55 Ci/mmol) or 40 jaM
3
H-serotonin (Amersham or

New England Nuclear; 18.2 or 24.7 Ci/mmol) for 15 min in

Eppendorf tubes or in isolated drops on Parafilm at room

temperature in the light. Triton X-100 (0.1%) or digitonin

(0.25%) were included in incubations of cyprid larvae for

autoradiography.

Following incubation, larvae were washed from the final

filter disk into a glass scintillation vial and fixed overnight

in glutaraldehyde (250 mM. E. M. Sciences) fixative mod-

ified from Hudspeth and Stuart ( 1977) to contain 0.2 M Na
+

cacodylate (pH 7.7) instead of phosphate buffer. Fixed

larvae were postfixed in osmium tetroxide (1%) in cacody-

late buffer ( 1 h. room temp), dehydrated, and immersed in

Epon/propylene oxide (1:1) overnight. The vial was left

uncapped in the hood and the propylene oxide allowed to

evaporate. The larvae were then spread about on an alumi-

num foil weighing dish and covered with drops ot Ircsh

Epon for 1 h for the plastic to infiltrate the tissue. Individual

larvae were then lifted from the dish with a sharpened

orangewood applicator stick, placed in a new foil dish,

covered with a thin layer of Epon, and embedded at 60C

overnight. Selected larvae were oriented as desired by re-

embedding in either inverted Beem capsules or latex coffin

molds.

Blocks were serially sectioned at 2 /am. Sections were

dried on gelatin-coated slides, dipped in Kodak NTB-2

autoradiographic emulsion, exposed at 4C for 5 days to 2

weeks, and developed in D-19 (Kodak).

D\e exclusion axsa\s

Fluorescent dye exclusion assays were performed by

placing live nauplii in saline containing 27r Lucifer yellow

CH, Procion yellow MX-4R, Procion yellow H-5G. or Pro-

cion yellow H-5G covalently bound to a dextran of about

40.000 MW (all Sigma). Following 15 min in dye. the

nauplii were filtered, suspended in O.C.T. compound

mounting medium (Pelco International), placed in a plastic

capsule, and immediately frozen in a beaker of isopentane

(Kodak) precooled by dry ice. Nauplii were then sectioned

at 10 /i,m on a cryostat, placed on Fisher Superfrost-plus

charged slides, coverslipped with 2 drops of glycerol/N-

propyl gallate, and viewed under a fluorescence microscope

with XF22 filters (Omega).

Results

Barnacles (of the genus Balanus) have three stages to

their life cycle: the free-swimming nauplius; the cyprid,

specialized for settling; and the reproductive adult. The

nauplius has one simple eye and swims towards light, pre-

sumably to disperse (Thorson. 1964; Sastry, 1983). The

cyprid retains the simple eye but, in addition, suddenly

develops a pair of compound eyes (Barnett ct <//., 1979).

presumably to guide the animal in settling appropriately.

The sessile adult sheds the compound eyes (Walker and

Lee. 1976), no longer needed, and retains the simple eye.

which separates into the median and paired lateral eyes of

the adult (Takenaka ct uL. 1993) that mediate a defensive

response to shadows.

Penetrability of larvae

The epidermis of early-stage nauplii is not well developed

(Freeman, 1993), suggesting that substances introduced into

seawater might diffuse into the animal's extracellular space

and be accessible to internal structures such as the ocelli. To

test the permeability of nauplii. we exposed them to dyes

ranging in molecular weight from 289 to 40.000.

Simply observing living, dye-soaked nauplii through the

liht microscope suggested that lower molecular weight

dyes penetrated into the animals, whereas a dye of higher

molecular weight did not. The cutoff appeared to be at a
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molecular weight of about 800: neutral red (MW 289),

toluidine blue (MW 306), neutral violet (MW 409), and

ruthenium red (MW 786) stained the animal, whereas fast
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green (MW 809) did not. To make certain that the dyes were

indeed inside the animal, nauplii were exposed to four

fluorescent dyes of differing molecular weights, frozen

quickly, and sectioned on a cryostat. Fluorescence was

found throughout the sections of animals exposed to Lucifer

yellow CH (MW 457.2) and Procion yellow MX-4R (Re-

active orange 14) (MW 631.4), but not in sections of ani-

mals exposed to Procion yellow H-5G (Reactive yellow 2)

(MW 873) or its dextran-bound derivative (MW -40.000).

We conclude that the naupliar epidermis does not present a

significant barrier to compounds of molecular weight below

about 800 and that substances such as
3
H-histamine (MW

111) might be expected to penetrate easily into the animal

and be taken up by internal structures.

Biochemistry

When incubated with
3
H-histamine (0.2 /iA/), nauplii

took up this compound in a time-dependent fashion (Fig.

1A). The time course of uptake could be fitted with an

exponential association curve with a rate constant of 0.028/

min. Inclusion of an excess (2 mAf) of unlabeled histamine

in the incubation medium blocked the uptake of labeled

compound (Fig. 1 A), indicating that uptake is a competitive

process. From the dose/response curve describing this com-

petition (Fig. IB), a KD of 0.32 p.M was calculated for

3
H-histamine uptake, a value suggesting a high-affinity up-

take mechanism.

Chlorpromazine, which antagonizes the uptake of H-

histamine into the photoreceptors of adult barnacles (Stuart

c; ill.. 1996) and into snail neurons (Osborne et <//., 1979),

also markedly decreased the uptake of
3
H-histamine into

nauplii (Fig. 1C) (K,
== 21 juA/). Block appeared to be

incomplete, as is the case with adult photoreceptors (Stuart

ft til.. 1996), although block of uptake of
3
H-histamine by a

high concentration of drug was not compared with compet-

itive antagonism by cold histamine in the same assay. The

maximum inhibition in the adult was about 70% (Stuart et

til., 1996) and in nauplii about 50%. The sensitivity of
3
H-histamine uptake to chlorpromazine in both the larvae

and the adult suggests that it is mediated by a similar

Figure 1. Uptake of 'H-histamine into nuuplius larvae assayed by

scintillation counting. (Al Time course of uptake. Two equal aliquots of

larvae were incubated for each time point (0.1.5.15. or 70 min) in 0.2 /J.A/

'H-histamine without () or with ( Ai 2 ni.W unlabeled histamine. Addition

of unlabeled histamine to the incubation medium blocks the uptake of

'H-histamine. (B) Competition of unlabeled histamine with H-histamine

for uptake into nauplii. The data were tit to a one-site competition algo-

rithm with a KD of 0.32 ju,/W. (C) Chlorpromazine antagonizes the uptake

of 'H-histamine into nauplii. Aliquots of larvae were incubated with

increasing concentrations of drug, as described in Materials and Methods.

A simple competition tit to the points gives a K, of 21 ^M. In each

experiment the symbol shows the average of the values for two samples,

and the bar shows the range of these values; cpms = counts per minute
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transporter. Nauplii incubated either in 2 mM histamine or

in 20 juA/ chlorpromazine (which would presumably have

increased extracellular histamine by blocking uptake)

stopped swimming towards the light and eventually sank to

the bottom of the tube. The current notion of histamine' s

action in the visual pathway suggests that the presence of

histamine in the cleft would lead to more movement, not

less (see Discussion); thus these observations cannot easily

be explained and may involve histamine' s actions on neu-

rons other than those of the visual system in the larva.

Figure 2. Uptake of 'H-histamine into the ocellus of nauplius larvae as revealed by autoradiography. ( A I A

whole mount of a nauplius larva viewed from the side. (B) A section of a nauplius larva through the ocellus,

viewed from the top. The pigmented ocellus (arrows in A and B) is obvious within this transparent animal and

in sections. (C) Brightlield and (D) epipolari/ation illumination of an ocellus in a 2-/j.m section of a nauplius that

had been incubated in 'H-histamine. Accumulation of silver grains over the ocellus cannot be distinguished from

pigment in brightfield illumination but is obvious in epipolai i/cd light, which reflects from the silver grains hut

not from the pigment. The insert shows a section through another eye at a different orientation in which the

pigment arms form two hack-to-back cups around the photoreceptors: the right arm of the upper cup is

incomplete. (E) Brightfield and (E) epipolarization illumination of a 2-^im section of a nauplius that had been

incubated in 'H-serotonin. There is no accumulation of grains over the ocellus. Scale bar in D applies to C-F.
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Autoradiography of naiiplius lar\-ae

The single, median eye (the ocellus) of the nauplius (Fig.

2A. B, arrows) is a striking feature of this larval stage. The

two pigment cells at the center of this simple eye give it a

deep red color that allows it to be clearly seen, even under

the dissecting microscope. The photoreceptors are subdi-

vided by these pigment cells into three groups that "look" in

three different directions. The pigment cells are shaped to

form three cups, and within each cup are two to six photo-

receptors, termed retinular cells (Kauri, 1962; Walley,

1969; Walker et til., 1987; Clare and Walker. 1989). A

comparison of the light intensity on each group of photo-

receptors, made by higher-order cells, is presumably the

mechanism that permits these free-swimming stages to de-

termine from which direction the light is coming.
In sections viewed at high power with the light micro-

scope, the pigment cells may be clearly differentiated from

the photoreceptors enveloped by their processes (e.g.. Fig.

3B). A pigment cell cup may have been sectioned horizon-

tally across the cup wall so that the pigment forms a ring

(Fig. 2C, D). Alternatively, the section may reveal the

cuplike shape of the cell (Fig. 3) as it envelopes the photo-

receptor processes. The long, dark lines of the rhabdomes of

the apposed photoreceptor neurons (Takenaka et al, 1993)

may be seen especially well in Figure 3B, forming a "V"

within the arms of the pigment cells.

To determine whether the ocellus or other structures

within the nauplius larva take up
3
H-histamine, serial sec-

tions through nauplii incubated in
3
H-histamine (20 ju.Af)

were exposed for autoradiography. Examination of these

sections revealed that the label is concentrated over the

ocellus but not over other parts of the animal (Fig. 2D). The

ocelli of larvae incubated in an excess of unlabeled hista-

mine (2 mA/) added to the
3
H-histamine were not labeled

above background (not shown). Unexpectedly, the regions

within the pigment ring or cup. where the photoreceptors

lie, are labeled only weakly compared to the labeling of the

pigment cells (Figs. 2C. D; 3 A). Brightfield photographs

(Fig. 2C) do not allow one easily to distinguish silver grains

from pigment, but in epipolarized light (Fig. 2D) the pig-

ment does not reflect the light and the silver grains stand out

clearly. The inset of Figure 2D shows a section through

another eye in which two back-to-back, labeled pigment cell

cups form an incomplete "H" as they extend arms around

two groups of photoreceptors (Takenaka et al., 1993).

Nauplii incubated in
3
H-serotonin (20 /LtM) did not show

increased labeling over the ocellus or, indeed, over any
structure (Fig. 2E. F; Fig. 3B). Adult Balanits nubiliis pho-

toreceptors are not labeled when incubated with
3
H-seroto-

nin, but a small number of other neurons within the adult

nervous system do show labeling (Stuart el ill.. 1996).

Further, serotonin has been detected in cyprid larvae and

appears to be important in settlement (Yamamoto et al..

B
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Figure 3. Autoradiographs of sections through ocelli of nauplii that had

been incubated in (A) 'H-histamine or (B) 'H-serotonin. In both autoradio-

graphs, the rhabdomes of the photoreceptors are visible as two gray lines

forming a "V" (pointing to the upper left) within the arms of the pigment cells.

In (A) grains are concentrated over the pigment cells (same animal as in Fig.

2C. D). Although the grains are difficult to distinguish from pigment in

bnghtfield illumination, they clearly are not concentrated over the photorecep-

tors, whose processes lie within the pigment cell cup. In (B) there is no

concentration of grains over either cell type (same animal as in Fig. 2E, F).

1999). In the nauplius larva these neurons may not have

developed as yet or may have been too small to detect, or

their absence may reflect a species difference between the

adult Baliiinis niihiliis and the larval Balanus amphitrite

nervous systems. The lack of labeling of the ocelli with
3
H-serotonin indicates that the uptake of 'H-histamine into

barnacle eyes is by a process selective for histamine in the

nauplius larva, as it is in the adi'

Autoradiography of

A whole mount of a cyprid larva viewed from the side is

depicted in Figure 4A. and a section through the eyes of a

cyprid viewed from the top is seen in Figure 4B. The

medially located ocellus (smaller arrows) and laterally lo-

cated pair of compound eyes (larger arrows) may be clearly

seen. Cyprids were incubated in
3
H-histamine (20 ^M) and
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Figure 4. Liptake of
3
H-histamine into the compound eyes and ocellus of the cyprid larva as revealed by

autoradiography. (A) Whole mount "I a cyprid larva viewed from the side, and (B) a section through the three

eyes of a cyprid viewed from the top. Compound eyes are labeled with larger arrows and the ocellus with a

smaller arrow in A and B. (C) Brightlield and (Dl epipolarization illumination of a compound eye in a 2-fj.m

section of a cyprid that had been incubated in
3
H-histamine and Triton \-100. showing increased label over the

eye compared to surrounding tissues (In Brightlield and (F) epipolari/ation illumination of the ocellus in the

same animal shows a pattern of label over the pigment cells. (Inset) Phase contrast/epipolarization illumination

of the ocellus from another animal

processed for autoradiography. Unlike nauplii. cyprids have

a thick cuticle overlying the epidermis, so would be ex-

pected to be poorly penetrated by substances added to the

seawater. Indeed, when the larvae were incubated in 'H-

histamine alone, the eyes were labeled only faintly. Addi-

tion of the solubilizing agent Triton X-IOO during the incu-

bation increased the degree of labeling of both the

compound eyes (Fig. 4C, D) and the median eye (Fig. 4E,

F). The cuplike shape of the label within the median eye

(Fig. 4E, F) again indicates that the pigment cells may be

more heavily labeled than the photoreceptors. A section

through the eye of another specimen, catching the pigment
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cup us a ring, indicates that grains might also he concen-

trated within and beside the cup (Fig. 4F. inset). It was not

possible to determine which structures were labeled within

the compound eye.

Discussion

We report here that all of the eyes of both the naiiplius

and cyprid larvae of balanoid barnacles are labeled when

incubated in
3
H-histamine, but that other tissues in the

animal are not. Uptake is blocked by ehlorproma/ine and is

specific in that
3
H-serotonin is not taken up. as is also the

case with uptake of
3
H-histamine into the adult median

photoreceptors. Thus a histamine transporter similar to that

of the adult appears to be expressed in the eyes of the larvae.

In the simple median eyes of both the nuuplii and cyprid.

autoradiographs showed label concentrated primarily over

the pigment cells surrounding the photoreceptors rather than

over the photoreceptor rhabdomeric processes enveloped by
the pigment cells. But histamine uptake may take place only
in the axons and terminals of these sensory neurons, as it

does in the adult (Stuart et /., 1996). In the larvae, the

axons of the photoreceptors could not be reliably followed

to settle this point. We also do not know if the heavy

labeling of the pigment cells is specific to larvae, since in

the adult there are no pigment cells associated with the

commonly studied median eye. Adult lateral eyes of certain

species retain pigment cells, but the uptake of
3
H-histamine

has not been studied in those cases. It is not yet possible,

then, to determine whether
3
H-histamine uptake in the larval

eyes follows or differs from the adult pattern.

Although the behaviors of the nauplius larva and the adult

barnacle with respect to light seem very different at first

glance, they are actually similar and indeed might not require

radical changes in circuitry (such as a different photoreceptor

transmitter) during development. In both larvae and adults,

changes in the ambient light affect the rhythmic motion of the

animal's appendages, the cirri. In the larvae, this motion un-

derlies swimming, whereas in the adult it is devoted to feeding.

In adult barnacles, rhythmic feeding by the cirri proceeds
in the light, but the dimming of light halts rhythmic cirral

motion and provokes the retraction of the cirri into the shell.

The visual pathway is kept from interfering with the cirral

rhythm as long as the light is not disturbed: histamine.

continuously liberated by the illuminated photoreceptors,
inhibits the postsynaptic cells, keeping the visual pathway
silent. Dimming of the light (for example, by shadows of

predators) interrupts the release of histamine, releases the

second-order cells from inhibition, and initiates impulses in

the visual pathway (Stuart and Oertel, 1978), leading to the

cessation of these feeding movements. A complex behavior

involving most of the animal's muscles is set in motion: the

cirri stop their rhythmic motion, withdrawing into the shell.

and the opercular plates are pulled closed to seal the animal

within its fortress (Gwilliam, l
(| ' <i

In the nauplius larvae, the job of the cirri is to propel the

animals toward light. The direction from which the light is

coming is determined by the ocellus. The three divisions of

the naupliar eye look in three different directions, and

presumably the division in greatest light somehow causes

the strongest movement of the animal in that particular

direction. Thus the function of light in the nauplius and

adult would seem similar in that light is accompanied by
movement (feeding in the adult, swimming in the nauplius)

and dimming or less light by the cessation or a decrease of

movement. It might be that the neural circuits are similar at

the two stages, although they accomplish very different

behaviors depending on whether the animal is free-swim-

ming or sessile.
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Abstract. The protein and glycoprotein content of four

different neutral or acidic solvent extracts (0.5 M KC1, 10%

EDTA, 0.1 N HC1. or 2% acetic acid) from the mineralized

exoskeleton of a decapod crustacean, the Atlantic shore crab

Carcinus maenas, were characterized by quantitative anal-

ysis of proteins, SDS-PAGE analysis, and probing with

lectins on blots. The lectins used were Conconavalin A,

Jacalin, soybean agglutinin, Maackici annirensix agglutinin

11. and Sainbucus nigra agglutinin. The results show that

many proteins can be obtained from the crab cuticle without

strong denaturants in the extraction medium. Many of the

extracted cuticle proteins appeared to be glycosylated, bear-

ing 0-linked oligosaccharides and TV-linked mannose-rich

glycans. /V-acetyl-galactosamine and A'-acetylneuraminic

acids were revealed, for the first time, as terminal residues

on AMinked mannose-rich structures of crab cuticle glyco-

proteins. Sialylated glycoproteins might thus be involved in

organic-mineral interactions in the calcified crab exoskele-

ton. The amount and variety of glycoproteins extracted with

the acidic solvents are obviously different from those ex-

tracted with neutral solvents. HC1 proved to be the best of

the tested extraction solvents and a valuable alternative to

EDTA.

Introduction

Arthropods are characteristically invested by an exoskel-

eton, the cuticle. They grow by periodic molts, during which

they synthesize a new cuticle and partly degrade the old one
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before it is shed at ecdysis (for reviews, see Stevenson,

1985; Roer and Dillamun, 1993; Goffinet and Jeuniaux,

1994). Covering different integumental regions, the cuticle

acts as a protective barrier, an exchange surface, and a

supporting skeleton. In decapod crustaceans, the solid cuti-

cle of sclerites is composed of an outer thin epicuticle and

three fibrous composite layers forming the procuticle (for

reviews, see Neville, 1975, 1984, 1993; Goffinet and Jeu-

niaux, 1994; Compere, 1995). The framework of the pro-

cuticle layers consists of a helicoidal twisted plywood-like

arrangement of chitin-protein microfibers (Neville. 1993).

The two major procuticle layers (the pigmented layer and

the principal layer) are stiffened by impregnation of the

interfibrillar matrix with calcium salts, mainly calcite; the

innermost layer (the membranous layer) is not mineralized

and remains in contact with the epidermis throughout the

anecdysial period (for reviews, see Stevenson, 1985; Roer

and Dillaman, 1993: Goffinet and Jeuniaux. 1994).

The protein component of the arthropod cuticle is usually

subdivided into proteins covalently bound and proteins non-

covalently bound to chitin or another component (tor re-

view, see Hackman. 1984; O'Brien et ai. 1993). Non-

covalently bound proteins are those extracted by various

solvents, the differences in sol reflecting differences

in association with other cutk : components. Since most

exoskeletal proteins seem vmble each other (Hack-

man and Goldberg, 1976). Uicular proteins were neglected

for a long time (Willis, I
'<'

-

:
). and those of the crustacean

cuticle have not \et been characterized as extensively as

those of the insect cuticle. From several recent investiga-

tions on the exoskeletal proteins of crustaceans (Skinner et

ai, 1992: O'Brien et ai. 1993; Andersen. 1998. 1999;

Coblentz /<//., 1998) and insects (Willis, 1987; Andersen et

61
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ai. 1995; Jensen ct ul.. 1998: Andersen. 2000), these pro-

teins have emerged as among the most important organic

constituents of the cuticle, and they are largely responsible

for its mechanical properties. They are structural compo-
nents of the chitin-protein microfibers and are involved in

the interactions between microribers, the intertibrillar ma-

trix, and also the mineral in calcified exoskeletons

(Andersen, 1999. 2000; Coblent/. etal.. 1998; Willis, 1999).

In the decapod crustacean cuticle, the amount of protein

does not exceed 40% of the decalcified dry weight

(Welinder, 1974). Electrophoretical analyses and amino

acid sequencing studies carried out on several species

(Sc\lla semita, Hackman. 1974; Astacim leptodcictylus.

Vranckx and Durliat, 1980, 1986; Pumktlus horcalis.

Andersen, 1991; Gccarcinns latertilis, O'Brien ct ai, 1991;

Skinner er ai, 1992; Kumari and Skinner, 1995: Kumari et

ai, 1995: Homarns amcricainis. Kragh ct ai. 1997; Nou-

siainen et ai, 1998; Cancer pagiints, Andersen, 1999)

showed that most proteins extracted from the calcified cu-

ticles have an acidic pi and are smaller than 3 1 kDa. On the

other hand, many recent reports suggest that acidic macro-

molecules and notably glycoproteins play a role of

prime importance in the promotion and inhibition of crystal

growth during calcification of diverse extracellular matrices

(teeth: Akita et ai, 1992; bones: Hunter and Goldberg.

1993; Hunter et ai, 1996; mollusc shells: Wheeler ct al..

1988; avian eggshell: Gaudron ct al.. 1996: sea urchin test

and spicules: Herman ct al.. 1990: Harvey et al.. 1995;

Albeck ct al., 1996; for reviews, see Addadi and Weiner,

1992; Sikes et al., 1994: Marsh. 1994). Few authors were

interested in studying such macromolecules in crustacean

exoskeletons (Callinectes sapidus: Shafer ct a I.. 1994;

1995; Coblentz ct al., 1998; G. lutcralix: Kumari and Skin-

ner, 1995). but they extracted glycoproteins that bear man-

nose-rich structures and have a relatively high apparent

molecular weight (MW). These authors suggested that cu-

ticle glycoproteins are involved in the mineralization pro-

cess. In addition. Shafer ct al. (1995) revealed that the

glycosylation of the cuticular proteins of the blue crab C.

Mipiilu* undergoes molt-related changes concurrent with the

mineralization of the cuticle after ecdysis. More recently

confirming that matrix proteins from solid cuticle of the

blue crab influence in vitro crystallization of calcium car-

bonate (Gunthorpe ct ai. 1990) Coblentz ct al. (1998)

electrophoretically separated several crystal-associated pro-

teins (CAPs). probably glycosylated, from extracts of the

cuticle of early post-ecdysial blue crabs. They showed that

these CAPs bind to calcite crystals and delay their nucle-

ation in in vitro crystallization assays.

Although many studies have been devoted to the cuticular

proteins of marine, freshwater, and terrestrial brachyuran

decapods, conflicting results have been obtained, and close

comparisons are hazardous because different species were

studied and different extraction conditions used (medium

composition, duration, temperature). On the other hand,

because the crustacean solid cuticle is calcified, calcium

salts must be solubilized prior to the extraction of pro-

teins especially those that are bound to the mineral. Most

authors have therefore used ethylenediamine tetraacetate

(EDTA), which has the advantage of promoting decalcifi-

cation at neutral pH. either in the extraction medium

(O'Brien et ai, 1991; Kumari and Skinner, 1995; Shafer et

ai. 1994, 1995; Coblentz etal., 1998), or separately, prior

to the extraction (Andersen. 1991. 1999; Kragh et ai, 1997;

Nousiainen ct ai. 1998). According to Albeck ct al. ( 1993).

EDTA probably affects the aggregation state and the Ca-

binding properties of the proteins, hindering their subse-

quent analysis; moreover, EDTA is extremely difficult to

remove completely by dialysis. To extract proteins from

exoskeletons. therefore, these authors recommended the use

of dilute HCI. which proved more efficient than EDTA as a

solvent for solubilizing proteins in an intact state from

molluscan shells and sea urchin tests.

The first and main purpose of the present work is to

characterize the proteins extracted from the calcified cuticle

of a European marine decapod, the Atlantic shore crab

Carciiiiis iiitieiitix, by sodium dodecylsulfate-polyacryl-

amide gel electrophoresis (SDS-PAGE) and probing glyco-

sylations on blots with various lectins. The second purpose

is to compare four non-denaturing or weakly denaturing

solvents (KCI. EDTA, HCI. and acetic acid) for their effi-

ciency in solubilizing medium- and high-MW proteins and

glycoproteins. The present work is also preparatory to a

forthcoming paper, which tentatively aims to relate the

present data to the distribution of polyanions and glycopro-

teins in the cuticle layers as determined by cytochemical

techniques and gold-conjugated lectin probes.

Materials and Methods

Biological material and preparation of cuticle extracts

Large specimens of the Atlantic shore crab (Carcinus

maenas), with a cephalothoracic shield exceeding 5 cm in

width, were obtained from a local distributor. Anecdysial

crabs were selected according to the criteria of Drach and

Tchernigovtzeff ( 1967). The cuticle of the cephalothoracic

shield was excised and carefully cleaned of adhering tissue

remnants with a wet paper tissue. Samples (two sets of four)

of isolated fresh cuticle, weighing 4 g each, were either

crushed (first set) or ground to powder (second set), then

extracted in the presence of a bactericide (10 mA/ NaN-,)

and a protease inhibitor (1 mM phenylmethylsulfonylfluo-

ride, PMSF) in one of four solvents: 0.5 M KCI at pH 7.0.

10% ethylenediamine tetraacetate (EDTA) at pH 7.0. 0.1 N

HCI at pH 2.0. or 27r acetic acid (HAc) at pH 3.0. Extrac-

tion was carried out with stirring for 48 h at 4C in 1 liter

of solvent, which was renewed three times. The samples

were enclosed in cellulose dialysis tubes (10,000 Da MW
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cutoff) tilled with 10 nil of solvent. The extracts were

centrifuged at 14,000 X g for 10 min. and the supernatants

were dialyzed for 40 h at 4C against 10 mA/ NH 4HCO,
containing 2.5 mM NaN, and 1 mM PMSF.

Protein quantification assays

Before lyophilization, the protein contents of all dialyzed

extracts were measured with the bicinchoninic acid protein

assay (BCA protein assay reagent kit. Pierce no. 23225),

using bovine serum albumin (BSA) as the standard (Smith

ct al.. 1985; Wiechelman el al., 1988). In preliminary com-

parisons of different protein assays, UV absorption at 280

nni. Biuret's method, and the BCA method yielded rela-

tively close and consistent protein concentrations for crab

cuticle extracts, while Bradford's technique (1976) yielded

values 5 to 10 times lower. The difference is probably due

to the presence of many acidic proteins in the extracts, since

the Coomassie blue is known to stain such proteins weakly.

Bergers et til. (1993) also found Bradford's method less

efficient for quantifying proteins extracted from a marine

diatom.

Gel electrophoresis

SDS-polyacrylamide gel electrophoresis was carried out

according to Laemmli (1970) in 15% polyacrylamide gels.

Samples were solubilized by boiling for 5 min in 62.5 mM
Tris-HCl buffer (pH 6.8, 2% SDS, 5% /3-mercaptoethanol.

10% glycerol, 0.002% bromophenol blue). Each well was

loaded with 10 ^,1 of a sample containing 25 to 100 /u,g total

proteins. Electrophoretical separations were performed for

70 min at 150 V with a Hoefer SE Mighty Small II appa-
ratus in 25 mM Tris-HCl-buffer (pH 6.80, 0. 192 M glycine.

0.1% SDS). The 10-kDa Protein Ladder (GibcoBRL) was

used as the molecular weight (MW) standard. Gels were

stained with either Coomassie Brilliant Blue R-250 (Dzandu
ct ul.. 1984) or silver (Wray et al., 1981 ).

Electroblotting

Proteins were electroblotted under semi-dry conditions

onto polyvinylidene difluoride (PVDF) membranes (0.2

/urn, Boehringer-Mannheim) for 75 min in a Multiphor II

Novablot unit (Pharmacia Biotech). Transfer buffer con-

sisted of 25 mM Tris-HCl, 192 mM glycine (pH 8.3) made

up in 15% v/v aqueous methanol. Blotting was allowed to

proceed for 1 h at constant current (40 mA). To ascertain the

efficiency of protein transfer, the gels were stained with

Coomassie blue. The pre-stained 14,300-200,000 MW
Range (GibcoBRL) was used as the protein MW standard.

Lectin pn>hini>

The glycoproteins immobilized on the PVDF membranes
were probed with biotinylated lectins secondarily labeled

with the avidin-biotinylated HRP (horseradish peroxidase)

complex (Vector no. A-2<M>4). The procedure generally
followed Rohringer and Holden (1985). The secondary la-

bel was then revealed by the diaminobenzidine (DAB)
staining method (Hsu and Soban. 1982) using the Sigma
Fast DAB peroxidase substrate tablet set (Sigma no.

D-4418). The biotinylated lectins used were Concanavalin

A (Con A. Sigma no. C-2272). Jacalin (.lac. Vector no.

1155), soybean agglutinin (SBA, Sigma no. L-3395),

Miiuckiii ainurensis agglutinin II (MAA II, Vector no.

B-1265), and Sa/nhiicus nigra agglutinin (SNA, Vector no.

B-1305). Con A essentially binds to a-mannose and a-glu-
cose residues (a-Man, a-GIc), but not to related sugar
residues such as cv./3-galactose (a./3-Gal) (Goldstein et al..

1965a, b; Hayat, 1993). Jac preferentially binds to galacto-

syl (|3-1.3)/V-acetylgalactosamine (Gal(/3-l,3)GalNAc) se-

quences in O-linked oligosaccharides (Hayat. 1993; Shafer

et al.. 1994). SBA recognizes terminal a./3-./V-acetylgalac-

tosaminyl (a./3-GalNAc) and a,/3-galactosaminyl (a,/3-Gal)

residues (Lotan et al.. 1973; Hayat, 1993). MAA II (Knibbs

et a!.. 1991) and SNA (Broekaert et al.. 1984) bind to

yV-acetylneuraminic residues (NeuNAc or sialic acids) pref-

erentially in (2,3) and a(2,6) linkages respectively.

The probing procedure was as follows. Nonspecific bind-

ing sites on the membranes were blocked overnight at 4C
with 0.5% gelatin from coldwater-fish skin (Sigma no.

G-7765) in the specific lectin buffer. For all three lectins the

incubation buffer was PBS-Tween (0.01 M Na-phosphate.
0.15 M NaCl. 0.05% NaN,. 0.05% Tween 20) containing
0.1% fish gelatin. This buffer was adjusted to pH 6.8 for

Con A and SBA. and to pH 7.5 for Jac. MAA II. and SNA.
It was supplemented with 0. 1 mM CaCl 2 and 0. 1 mA/ MnCK
for Con A. and with 0.1 mM CaCI 2 for SNA and Jac. The

membranes were incubated for 2 h at 20C. either with 1

/big/ml lectin for Con A and Jac, or with 5 ^tg/ml lectin for

SBA, MAA II. SNA. They were washed six times in PBS-

Tween and incubated for 2 h at 20"C with 5 ;ug/ml avidin-

biotin peroxidase complex in PBS-Tween at pH 7.5 with

0.1% fish gelatin. After washing in PBS-Tween, the blots

were washed five times in TBS (0.05 A/ Tils. 0.15 NaCl pH
7.6) and allowed to react for from 30 s to 1 min with 0.5

mg/ml 3,3 '-diaminobenzidine tetrahydrochloride and 1 /xM
H 2O2 in TBS. They were then washed three times in TBS
and three times in Milli-Q water. To test the specificity of

the binding, inhibition experiment^ (Glass et ul., 1981 ) were

performed with 0.2 M methyl-a-D-mannopyranoside

(MMP, Sigma no. M-6160) for Con A and 0. 15 M /V-acetyl-

neuraminyllactose (sialyllacinse. Sigma no. A-3307) for

MAA II and SNA. as lectin binding inhibitors in the incu-

bation media.

To determine the linkage of the carbohydrate moieties of

the glycoproteins observed on the gels, extracts were treated

with the enzyme A'-glycosidase F (from F. meningoepticum,

EC 3.2.2.18 and 3.5.1.52) under denaturing conditions be-
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Figure 1. Proteins extracted from the eephalothoracic shield cuticle of anecdysial Curcinn.\ imicinix.

Coomassie blue-stained SDS-polyacrylamide gel ( 159; ), 50 jug protein/lane. Fig. 1 A. Lane 1 : 29r HAc-extract:

Lane 2: 0.1 N HCI-extract; Lane 3: 10% EDTA-extract; Lane 4: 0.5 M KCI-extraet; Lane M; Molecular Weight

Marker 10 kDa Protein Ladder (GihcoBRL). Fig. IB. Densitometric profiles of the HCI- and EDTA-extracts

lanes (2 and 3).

fore SDS-PAGE, electroblotting, and lectin probing. N-

glycosidase F specifically cleaves sugars that are /V-linked

to nonterminal asparagines of glycoproteins (Tarentino et

ni. 1985; Maley et ai. 1989). Glycoproteins ( 100 ju,g) were

denatured by boiling in the presence of 1% SDS (5 jul).

/V-glycosidase F buffer (45 jal; 20 mM Na-phosphate buffer

pH 7.2, 10 mM NaN 3 , 50 mM EDTA, 0.5% Nonidet P-40)

was added, and the mixture was boiled again for 2 min.

Protein deglycosylation ( 100 jug protein) was carried out by

incubating for 20 h at 37"C in the presence of 2 units of

/V-glycosidase F (Boehringer-Mannheim).

Analysis of electrophoretical profiles

Banding profiles on SDS-polyacrylamide gels and West-

ern blots were digitized and analyzed with a Bio-Rad den-

sitometer (model GS-670) and with the Molecular Ana-

lyst/PC program for identification of corresponding protein

bands, molecular weight determinations, and densitomctric

profile drawing.

Results

Gel electrophoresis

Prior [a gel electrophoresis. the protein contents of the

extracts were estimated by the BCA method. The EDTA
extract displayed the lowest protein content, ranging from 3

to 4 mg/g of initial cuticle fresh weight (FW) whatever the

sample treatment (crushed or reduced into powder). The

values recorded for the other extracts were from 25% to

75% higher, ranging from 5 to 6 mg/g of initial cuticle FW
in the HCI extract and from 6 to 7 in the HAc and KCI

extracts.

Coomassie blue and silver staining yielded quite similar

electrophoretical patterns (Figs. 1 and 2), although some

bands appeared with one stain and not the other, and some

bands differed as to their staining intensity (detailed below).

The molecular weights corresponding with the hand posi-

tions were estimated from the densitometric profiles (Figs.

IB and 2B). All extracts yielded protein bands mainly in

three molecular weight ranges: a few bands in a high-MW

range (55-100 kDa), many in a medium-MW range (20-50

kDa), and some very thick bands in a low-MW range

( 10-20 kDa). The KCI and EDTA extracts displayed very

similar banding profiles, with thick bands in the low-MW

range, major bands in the high- and medium-MW ranges at

30 kDa. 32-34 kDa. 70-75 kDa. and 80-85 kDa. and a

narrow band at 200 kDa. When extraction was done in an

acidic rather than a neutral solvent, the banding pattern was

different. The HCI extract displayed most of the protein

bands observed with neutral solvent extracts. The only

exceptions were the 200-kDa band and a weak 38-kDa

band on silver-stained gels. Moreover, the HCI extract

exhibited several intense additional bands at 17 kDa,

24-26 kDa. and 100 kDa. Except for a 45-kDa band that

appeared in the HAc extract lane on silver-stained gels

only, the banding pattern of the HAc extract closely
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Figure 2. Proteins extracted from the cephulothoracic shield cuticle of anecdysial Carcinus niacnus.

Silver-stained SDS-polyacrylamide gels (15%). 50 /xg protein/lane. Fig. 2A. Lane 1: 2% HAc-extract; Lane

2: 0.1 N HCI-extract; Lane 3: 10% EDTA-extract: Lane 4: 0.5 M KCl-extract: Lanes M; Molecular Weight
Marker 10 kDa Protein Ladder (GibcoBRL). Fig. 2B. Densitometric profiles of the HCI- and EDTA-extracts

lanes (2 and 3).

resembled that of the HCI extract in the low-MW ranges,

but in the high- and medium-MW ranges, many bands

were missing or very faint.

As mentioned above, the staining intensity of a protein

band could vary drastically with the gel staining method.

The 17-kDa band of the HAc and HCI extracts, for instance,

was stained only by silver (Fig. 2), and the 16-kDa band that

was intensely stained by Coomassie blue whatever the ex-

tract (Fig. 1) was not revealed by silver staining (Fig. 2).

Reaction of extracted proteins with lectins

Lectin binding revealed that most of the proteins ex-

tracted by the described procedure are glycosylated. The

labeling intensity varied, however, according to the protein

band and the lectin used. Conspicuous differences were

again observed between neutral- and acidic-solvent extracts.

Concanavalin A. Of the five lectins tested. Con A labeled

the greatest number of protein bands (Fig. 3). Almost all the

protein bands in the high- and medium-MW ranges bound

Con A, suggesting that they are glycosylated, primarily with

mannose. In these ranges, only a few differences were

observed between the various extracts (e.g.. differences in

the intensity of some high-MW bands between acidic- and

neutral-solvent extracts). The bands exhibiting the strongest

Con A binding were mostly those staining intensely with

Coomassie blue or silver. The 200-kDa band appeared to be

labeled in every extract lane, even when it did not appear, or

was very faint, after Coomassie or silver staining.

In the low-MW range, few of the very thick protein bands

appearing on Coomassie- or silver-stained gels reacted with

Con A. Moreover, obvious differences appeared between

extracts. Several positive bands appearing in the range of

10-15 kDa in the lanes loaded with acidic-solvent extracts

were completely missing in the EDTA-extract lane. Only
two of them appeared in the KCl-extract lane, and those

were very faint. A 20-kDa band accompanied the 24-26-

kDa bands in all lanes. This band was faint to undetectable

on Coomassie- and silver-stained gels.

Con A binding was completely inhibited by methyl-a-o-

mannopyranoside (MMP) (Fig. 3A, lanes 5 and 6). except

for some of the most intensely labeled bands (30-34 kDa).

When the extracted proteins were treated with /V-glycosi-

dase F prior to separation, transferred to a PVDF membrane,

and probed with Con A (Fig. 3A. lanes 7 and 8), none of the

low-MW protein bands were labeled, and the high-MW

protein bands appeared much fainter. This confirms that

mannose-rich carbohydrates are AMinked to these proteins.

Jnciilin. Like Con A, Jac bound to most of the bands in

the high- and medium-MW ranges and to some low-MW
bands (see Fig. 4, HCI and EDTA extracts). The reacting

bands from the HCI and EDTA extracts were about the

same; the only differences were a more pronounced labeling

of the 65-kDa band and additional 24-26-kDa bands from

the HCI extract and of the 32- and 45-kDa bands from the

EDTA extract. Labeling with Jac was somewhat less intense

than with Con A. Almost all of the Jac-positive bands were
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Figure 3. Glycoproleins of the Ctirciniix nuiciuix cephalolhoracic shield cuticle separated on SDS-poly-

acrylamide gels ( 15
r
/r. 25 /Mg protein/lane), electroblotted to PVDF, and probed with Con A (lanes M and I to

4) in the presence of MMP (lanes 5 and 6) and with previous deglycosylation by /V-glycosidase F (lanes 7 and

8). Fig. 3A. Blotting membranes Lane M: pre-stamed Molecular Weight Marker 14. 300-200.000 Molecular

Weight Range (GibcoBRLl with labeled 1 4. 3-. 31- and 45-kDa bands; Lane I: 2 c
/c HAc-e\tracl: Lanes 2. 5. and

7: 0.1 N HCI-extract; Lanes 3. 6. and S: 10', EDTA-extract; Lane 4: (1.5 M KCl-extract. Fig. 3B. Densitometric

profiles of the HCI- and EDTA-e\tracts lanes (2 and 3).

ones previously found to react with Con A (e.g., the bands

at 29, 30-32, 34. 40. 45. 50. 55. and 1 00 kDa in both

extracts: at 10. 15 and 22-24 kDa in the HCI extract; and at

80-85 kDa in the EDTA-extract). but several Con A-pos-

itive bands tailed to react with Jac (c.t>.. the bands at 12. 15.

20. 32. and 200 kDa in the HCl-extract lane: the bands at 20.

24-26. 70. and 200-kDa in the EDTA-extract lane).

Sambucus nigra agglutinin and Maackia amurensis ag-

M HCI EDTA
kDa

-66

|-45

-31

-14

4A

Figure 4. (jlycoprolems i>l ihe Ciin-iini.\ imiciiti* cephalmhoiacic shield cuticle separated on ID SDS-

polyacrylaniide gel ( 1 5'.} . 25 /ug protein/lane), electrohlottetl to PVDF. and probed with Jae. Fig. 4A. Lane M:

pie-stamed Molecular Weight Marker 1 4.300 -200.000 Molecular Weight Range (GibcoBRLl with labeled 14.3-

and 45-kDa hands; Lane 1 : 0. 1 N HCl-e\tract; Lane 2; Kl'r FDTA-extract. Fig. 4B. Densitometric profiles.
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Figure 5. Glycoproteins of the Ctircinin maenas cephalothoracic shield cuticle separated on ID SDS-

polyacrylamide gels (15%. 100 /xg protein/lane), electroblotted to PVDF. and probed with MAA II (lanes M and

I to 4), in the presence of sialyllactose (lanes 5 and 61 and with previous deglycosylation by /V-glycosidase F
(lanes 7 and 8). Fig. 5A. Lane M: pre-stained Molecular Weight Marker 14.300-200,000 Molecular Weight

Range (GibcoBRL) with labeled 14.3- and 3 1 -kDa; Lane 1: 2% HAc-extract; Lanes 2, 5. and 7: 0.1 N
HCl-extract; Lanes 3, 6, and 8: 10% EDTA-extract; Lane 4: 0.5 M KCl-extract. Fig. 5B. Densiiomemc profiles

of the HCI- and EDTA-extracts lanes (2 and 3).

glutin II. In contrast to Con A and Jac labeling, only a few

bands were found to react with the sialic-acid-binding lee-

tins MAA II and SNA (Figs. 5 and 6 respectively). The most

intensely labeled bands appeared in the low-MW range

(10-15 kDa) of the HCI and HAc extracts. Two positive

bands (at 12-13 and 15 kDa) were also visible in the KC1

M HCI EDTA

66

45

31

- j
-.:'

kDa 6A
Figure 6. Glycoproteins of the Cairinn.i nuu'mix cephalothoracic shield cuticle s. pui :'!.(.! on ID SDS-

polyucrylamide gels (15%, 100 jug protein/lane), electroblotted to PVDF. and probed with SNA (lanes M and

I I" 4). in the presence of sialyllactose (lanes 5 and 6) and with previous deglycosylalu n by /V-glycosidase F

(lanes 7 and S). Fig. 6A. Lane M: pre-stained Molecular Weight Marker 14.30(1-200.000 Molecular Weight

Range (GibcoBRL) with labeled 14.3- and 66-kDa bands; Lane 1: 2% HAc-extract; Lanes 2. 5. and 7: 0.1 N
HCl-extract; Lanes 3, 6, and 8: 10% EDTA-extract; Lane 4: 0.5 M KCl-extract. Fig. 6B. Densitumetnc profiles

of the HCI- and EDTA-extracts lanes (2 and 3).
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Figure 7. Glycoproteins ot I lie Curiums mucnus cephalothoracic shield cuticle separated on ID SDS-

polyacrylamide gel (\5
r
/r. 1 00 jug protein/lane I. electroNotted to PVDF. and probed with SBA. Fig. 7A. Lane

M: pre-stained Molecular Weight Marker 14. 300 200,000 Molecular Weight Range (GibcoBRU with labeled

14.3-kDa band: Lane I: O.I N HCl-extract: Lane 2: 10r/r EDTA-e\tract. Fig. 7B. Densitometric profiles.

extract, but they were labeled much less intensely. They

were missing or nearly undetectable in the EDTA-extract

lane. In the high- and medium-MW ranges, some positive

bands corresponded with ones showing a high affinity for

Con A U>,t;., the bands at 32. 34. and 80-85 kDa in ihe

KC1-, EDTA- and HCl-extract lanes). The HCl-extract lanes

also exhibited additional, strongly positive 29- and 50-kDa

bands that were missing in the EDTA-lane but present-

though less intensely labeled in the KCI-extract lane.

These bands (29- and 50-kDa) reacted weakly with Con A
and Jac. In the HAc-extract lane, labeling of the high- and

medium-MW bands was very poor.

The intensity of SNA and MAA II labeling was signifi-

cantly reduced when sialyllactose was present (Figs. 5 and

6, lanes 5 and fi). and labeling was almost completely absent

when the extracts were previously deglycosylated with N-

glycosidase F (Figs. 5 and 6, lanes 7 and 8). This suggests

that the sialic acid residues detected belong to TV-linked

oligosaccharides.

Soyhetin tii>xlniiiiiii- As illustrated for the HCI and

EDTA extracts (Fig. 7). SBA reacted with a few bands of

high- and medium-MW. These were bands that also re-

acted with Con A. Jac. or both (c.t>.. the bands at 2 l 30.

34, 45, 50, 80-85 and 100 kDa in both lanes). SBA also

reacted with a few low-MW bands (in the 10-15 kDa

range). The HCI extract displayed more labeled bands

than the EDTA extract (additional bands at 24-26 and

60-65 kDa).

Discussion

We have electrophoretically characterized the proteins

extracted from the calcined cuticle of the Atlantic shore

crab Ciirciiius nnicnas. The results confirm previous find-

ings on other decapod crustaceans that many extractable

proteins appear to be glycosylated. This is the first report,

however, of the presence of sialic acids in crustacean cuticle

extracts. We also provide new information about the type of

glycosylation and the sugar residues present. Our results

raise physiological questions such as the location, origin.

and role of these glycoproteins in the cuticle architecture,

especially as regards their interactions with the organic

matrix and calcium carbonate.

In addition, the results give evidence that the nature and

the related extraction capacities of the solvent used are of

prime importance for subsequent analyses of proteins and

glycoproteins from the calcified crustacean cuticle.

Extmction efficiency of the solvents

Because much of the protein in the decapod exoskeleton

is presumably associated with calcium salts, the dissolution

of calcite is generally accepted as a prerequisite to the

extraction of mineral-bound proteins (Gunthorpe el <//..

1990; O'Brien ct til.. 1993). Thus, most of the procedures

for extracting proteins from calcified cuticles have included

either EDTA (0.4 M) together with guanidine thiocyanatc (5

M) (O'Brien et ul.. 1991; Kumari and Skinner. 1995: Ku-



CRAB CUTICLE GLYCOPROTE1NS 69

mari cl <//.. 1995). or have involved a separate decalcifica-

tion step with O.I M EDTA (Andersen. 1991 ) or 109r acetic

acid (Kragh ct ul.. 1997: Nousiainen et ai, 1998; Andersen.

1999) prior to extraction by 6 M urea in 0.1 % trifluoroacetic

acid (TFA). But with these procedures, the extraction of

proteins would he mainly due to the strong denaturants

(guanidine thiocyanate and urea) in the solvent. In the

present study, the amount of protein extracted from the C.

maenus cuticle by the different solvents is only a small

fraction (less than 109;-) of the total protein content of the

cuticle, which does not exceed 40% of the decalcified dry

weight, or about 15% of the cuticle dry weight (Welinder.

1974). Nevertheless, the results show that many proteins.

and especially glycoproteins, can be obtained from the

calcified crab carapace without strong denaturants in the

extraction medium, and even without decalcification. In

addition to some very intense low-MW protein bands, the

electrophoretical pattern of the extracts from the C. maemis

cuticle exhibited many protein and glycoprotein bands in

the medium- and high-MW ranges (from 30 kDa up to 200

kDa). as was the case for the banding patterns recorded from

the 0. 1 A/ EDTA extracts (Shafer et ui, 1994. 1995) and the

EDTA/guanidine thiocyanate extracts (O'Brien et til., 1991.

1993: Kumari and Skinner. 1995) of several decapod cuti-

cles. In contrast, in the urea extracts of previously decalci-

fied cuticle samples from three other decapods (Pundahis

borealix: Andersen. 1991; Hmnarux ainericaniix: Kragh et

ul.. 1997; Nousiainen c't <//., 1998; Cancer pui;itnis:

Andersen. 1999), the proteins were mostly of low MW. and

none of them appeared to be glycosylated. The molecular

weight calculated by these authors from the sequence

agreed with the MW determined by mass spectrometry of

the intact proteins, indicating that no residue is missing. As

Kragh et ul. (1997) already implied, this indicates that

substantial amounts of proteins and glycoproteins were re-

moved during the decalcification step prior to the urea

extraction. A comparison of these urea extracts (Andersen,

1991. 1999; Kragh et ul.. 1997: Nousiainen et ul.. 1998)

with the extracts obtained with decalcifying solvents alone

(Shafer et ul.. 1994. 1995: present results) indicates that

proteins preferentially extracted in neutral or acid solvents

without denaturants tend to be of high MW and glycosy-

lated. whereas proteins extracted in strongly denaturing

conditions tend to be of low MW and non-glycosylated.

Their amino acid sequence suggested to Nousiainen et ul.

(1998) and Andersen (1999) that such low-MW. non-gly-

cosylated proteins could indeed be strongly bound together

or to the chitin-protein microfibers. perhaps by hydrophobic
interactions that would not be broken by salts or acids.

On the other hand, the results presented here demon-

strated differences between samples extracted with acidic

solvents and those extracted with neutral solvents. These

differences were particularly obvious when comparing the

HCI and the EDTA extracts, especially the lectin-binding

patterns. Besides displaying the lowest total protein content,

the EDTA extract had a protein -banding pattern that did not

differ much from that of the KCI extract obtained without

dissolving the mineral. In comparison with the HC1 extract,

the EDTA extract was apparently missing several bands

(e.i>.. the 17- and 100-kDa bands observed on Coomassie

blue- or silver-stained gels, the Con A-labeled bands at

10-15 and 20 kDa, the Jac-labeled bands at 24-26 kDa. the

SBA-labeled bands at 24-26 kDa and 60-65 kDa). Partic-

ularly poorly represented in this extract were the sialylated

glycoprotein bands of low and medium MW (i.e.. the SNA-
or MAA II-positive bands at 10-12. 15. 20. 29, and 50

kDa), even though they were also present in the KCI extract.

HC1 (0.1 N) thus emerged as a more efficient solvent than

EDTA (10%). HCI also appeared more efficient than 2%
HAc, which also seems to extract different proteins than

EDTA from the cuticle of newly molted blue crabs

(Coblentz et ul.. 1998). The present electrophoretical anal-

yses and lectin-binding patterns clearly show that many of

the high-MW bands present in the HCI extract are missing

in the HAc extract. The better extraction efficiency of 0. 1 N
HCI (pH 2.0) compared to 2 % HAc (pH 3.0) is presumably
due to pronounced electrostatic repulsion between net pos-

itive charges at the low pH. With 0.1 N HCI, of course, the

risk that low pH might affect or break the extracted proteins

cannot be neglected. For this reason, protein extraction by
0.1 N HCI should be performed in the cold. The greater

extraction efficiency of HCI compared with EDTA agrees

with the conclusion of Albeck et ul. ( 1993). who concluded

that HCI extracts approximately twice as much protein from

a molluscan shell (Atrinu rigiilu) or a sea urchin test (Paru-

centrotiix lividus) as does EDTA. In addition, these authors

obtained better fractionation by HPLC of extract from HCI

extracts than from EDTA. as well as more acidic amino

acids in the HCI-extracted proteins. They proposed that

traces of EDTA, extremely difficult to remove, can remain

bound to the strongly ionic macromolecules and may inllu-

ence their charge, conformation, and aggregation state. This

could affect protein quantification, migration on gels, and

subsequent detection of Ca-binding capability. Other au-

thors (Samata and Matsuda. 1986, in Albeck et ul.. IW3)

proposed that protein might be lost during decalcification by

EDTA, either due to the breakdown and leakage through the

dialysis membrane, or to the binding via EDTA to the

dialysis membrane. Such effect- 1ZDTA would explain

both the low total protein coi of our EDTA extract and

its low content of glycoprotep:- especially those bearing

sialic acids. Extraction with I ns-HDTA may also be the

reason why Shafer et ul. ( 1994. 1995) failed to detect MAA
II- and SNA-binding glycoproteins in extracts of blue crab

sclerite cuticle. Although EDTA has the advantage of dis-

solving the mineral at neutral pH. and thus under conditions

more likely to protect the proteins, our data support the

recommendation of Albeck et ul. (1993) that mild acidic
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solvents, especially dilute HC1, should be the extraction

media for proteins from mineralized matrices.

Comparison of electrophoretical patterns

For the reasons discussed above, comparing the electro-

phoretical patterns obtained with cuticle protein extracts

from C. maenas and other decapod species is limited to the

results of studies in which EDTA-containing or mild acidic

extraction media were used. Moreover, the apparent molec-

ular weights of the band-forming proteins should be com-

pared with special caution, because most of them are gly-

cosylated. Glycosylation causes many proteins to run

anomalously on SDS-polyacrylamide gels (Segrest and

Jackson, 1972). As previously mentioned (O'Brien ct al..

1991; Kragh et ai, 1997), bands obtained on gels are likely

to contain several proteins of similar MW, but different pi

values, forming so-called "charge trains." Thus, determin-

ing whether the different types of glycans and residues

identified on blots belong to a single glycoprotein or to

several different ones of similar MW is impossible. Despite

these limitations, comparing electrophoretical and western

blot patterns of cuticular proteins in different decapod spe-

cies may prove informative.

The prevalence of low-MW proteins (MW < 31 kDa)

appears to be a common feature in cuticle extracts from

many arthropod species (Kumari and Skinner. 1993). in-

cluding arachnids (Norup ct ai. 1996). This generalization

is supported by the present study. The electrophoretical

patterns obtained here with C. maenas cuticle proteins, and

the affinity of these proteins for lectins on blots, were in

good agreement with previous results on other decapod

species, such as Gecarcinus lateralis (O'Brien et til., 1991.

1993; Skinner ct al.. 1992; Kumari and Skinner, 1995) and

Cullinectex xapitlnx (Shafer et al.. 1994. 1995). This was

especially true of the EDTA extract on Coomassie-stained

gels and on blots probed with Con A. This suggests the

presence of comparable cuticular proteins and glycoproteins

in the sclerites of different crustaceans, at least among the

brachyuran decapods. Remarkably, a band staining with

Coomassie blue, but not with silver, was recorded at 16 kDa

for C. maenas extracts, and at 1 5 kDa for G. lateralis

extracts (O'Brien ct ai. 1991 ). In C. imienux (present work),

Callinectes sapitlux (Shafer et at.. 1995), and G. lateralis

(Kumari and Skinner. 1995) extracts. Con A recognized

most of the high- and medium-MW protein bands. More

precisely, major Con A-binding protein bands from C. mae-

nas (e.g., the bands at 20, 24-26. 30-32. 34, 45. and 50-55

kDa) coincided with those recorded from G. lateralis (the

bands at 22, 26. 32. 34, 52, and 54 kDa). Kumari and

Skinner (1995). moreover, found some low-MW. Con-A-

positive bands in extracts of the procuticular layers (at II .3,

10.2, and 9.7 kDa) similar to those observed in C. maenas

extracts notably the HC1 extract.

Some of the above-mentioned bands in the medium-MW

range might be formed by subunits of crustacyanin. Blue

crustacyanin (/3-form) is an oligomeric carotenoprotein that

colors the carapace of decapods (Zagalsky et ai, 1970;

Vranckx and Durliat, 1986). It is easily extracted from the

cuticle by neutral and acidic solvents and dissociates irre-

versibly into purple subunits (40-50 kDa; a-form) or, upon
removal of the carotenoid, into subunits of about 20 kDa.

Thus, several bands obtained with C. maenas cuticle ex-

tracts in the medium-MW range probably contain or corre-

spond to crustacyanin subunits. This may also be true of the

54-. 50-. 48-. 44- and 42-kDa bands observed by O'Brien et

ai ( 1991 ) with G. lateralis cuticle extracts. These bands are

considered by the authors to be formed of specific proteins

from the epicuticle (so-called the "epicuticular quintet"),

which are especially prominent in extracts of the cuticle of

pigmented sclerites.

Cuticle-protein-associated xl\eans

Our observation that lectins (Con A. Jac. SBA, MAA II.

and SNA) recognize various blotted protein bands obtained

from C. maenas sclerite cuticle extracts, especially HC1

extracts, suggests that the glycosylated proteins contain

both A'-linked mannose-rich glycans and CMinked oligosac-

charides. These results agree with those obtained by lectin

labeling of ultrathin sections (Compere and Goftinct. un-

publ. data).

The affinity of many glycoprotein bands for Jac suggests

the presence of Olinked glycans. Jac is known to bind to

the Gal(/31,3)GalNAc sequences common in O-linked gly-

cans. Shafer et al. ( 1994) likewise detected some Jac-posi-

tive protein bands in Callinectex xapiilux extracts. Our re-

sults suggest that many C. maenas cuticular proteins of

different molecular weights are ()-glycosylated.

The presence of A'-linked mannose-rich glycans is sup-

ported by the strong affinity for Con A of many glycopro-

tein bands on our blots and by the drastic reduction of Con

A labeling after deglycosylation with /V-glycosidase F. The

presence of /V-linked glycans in crab cuticular glycoproteins

was previously suggested by Shafer et al. ( 1994. 1995), but

not demonstrated. The present results agree with those of

Kumari and Skinner ( 1995), who showed that Con A label-

ing of Callinectes sapidus and G. lateralis exoskeletal gly-

coproteins is sensitive to /V-glyeosidase F deglycosylation.

Con A mainly recognizes both internal and terminal ai 1.2)-

linked mannosyl residues, and requires two successive res-

idues of this type to bind tightly (Ogata et al.. 1975; Kobata

and Endo. 1992). Con A is thus known to have an affinity

for many monoantennary and biantennary complex-type

/V-liiiked oligosaccharides. In contrast to previous results,

however, our experiments suggest that many of these A'-

linked glycans bear terminal GalNAc or NeuNAc residues.

Terminal ,/3 -GalNAc residues are recognized by SBA.
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The similar binding patterns of MAA II and SNA, which

hind to sialic acids in (2.3) and (2.6) linkages with

different affinities, suggest that both a(2,3)- and a(2,6)-

linked sialic acids are about equally represented. That these

GalNAc and NeuNAc residues are present on mannose-rieh

structures of /V-linked glycans is supported by several argu-

ments. First, glycoprotein bands reacting with SBA. SNA.
and MAA II correspond to ones positive to Con A. Second,

the affinity of the protein bands for the three lectins and Con
A is reduced by A/-glycosidase F treatment. Finally, a man-

nosidase treatment (performed on tissue thin sections) abol-

ished labeling of the cuticle layers by Con A and the three

lectins (SBA, SNA. and MAA II). and it must therefore

have removed, not only the mannose residues but also the

terminal GalNAc and NeuNAc residues linked to them

(Compere and Goffinet. unpubl. data). Kumari and Skinner

(1995), in contrast, found SBA to react with only a few

glycoprotein bands obtained with G. lateralis extracts. Sha-

fer et al. (1994) detected no MAA II- or SNA-positive
bands on blots from Callinectes sapulus and came to the

conclusion that sialylated residues were absent. We. on the

contrary, have detected several MAA II- and SNA-positive

protein bands, especially with the HC1 extract of C. imicmix

cuticle, suggesting that sialic acids may well be present as

terminal sugar residues in cuticular glycoproteins.

Prospects

Because many of the proteins extracted from the cuticle

of decapod crustaceans are glycosylated. we must ask about

the role of these glycosyl residues and the location of

glycoproteins in the cuticle layers. Are the detected glyco-

proteins constituents of the chitin-protein microfibers or of

the interfibrillar matrix? Glycans might contribute, for in-

stance, to the architecture of the cuticle or be involved in

organic-mineral interactions, as reported for other extracel-

lular matrices (Wheeler ct ul., 1988; Herman ct al., 1990;

Akita et al., 1992: Addadi and Weiner, 1992; Sikes ct al..

1994: Marsh. 1994; Hunter and Goldberg, 1993; Hunter ct

al.. 1996: Gaudron ct al.. 1996). In the crustacean cuticle,

this hypothesis is reinforced by the finding that several

proteins of medium and high MW extracted from the cuticle

of newly molted blue crabs bind to the surface of calcite

crystals, as revealed by in vitro crystallization assays

(Coblentz et al., 1998). In a report on post-ecdysial changes
in the glycoproteins of the Ctillinectcs xupiilns cuticle, and

on the lack of affinity of these glycoproteins for lectins that

recognize terminal sugar residues, Shafer ct al. (1995) hy-

pothesized that the /V-linked glycans of cuticular glycopro-
teins could be terminally sulfated or phosphated and could

be involved in mineralization. The sialylated glycoproteins

discovered here in C. inaciias cuticle extracts might also

interact with mineral via the negatively charged carboxyl

groups of their sialic acids.

From our perspective, it is paramount to localize the

(glyco (proteins in the cuticle. The identity of the layers from

which the proteins are extracted is a question that has been

tackled only by O'Brien ct al. (1991); these authors me-

chanically isolated the four layers of the G. lateralis cuticle

and processed them separately. Although some layer-spe-

cific proteins were identified, this kind of experiment is

limited because the different layers interdigitate and can

never be completely separated. Moreover, microorganisms
on the cuticle surface and cytoplasm in the setae ducts and

dermal gland ducts introduce contaminants that increase the

difficulty of the problem. Consequently, a promising ap-

proach may be the ultrastructural localization of glycosyl-

residues in the decapod cuticle layers by lectin labeling.

This is the focus of a forthcoming paper.
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Abstract. To understand the flexibility of symbiotic asso-

ciations in coral reefs, we investigated the specificity of the

Aiptasia (cf. insignis)-Symbiodinium association in the lab-

oratory by rendering the anemones aposymbiotic and inoc-

ulating them with different isolates of Symbiodinium. Infec-

tive algal symbionts were monitored over 3 months by
re-isolation and identification using denaturing-gradient gel

electrophoresis and sequence comparison of their amplified

18S rRNA hypervariable VI + V2 gene region. Despite

similarity in their external morphology, the algal isolates

differed in their infectivity towards the host. Within days of

single-isolate inoculation, aposymbiotic anemones formed

associations with fresh or cultured isolates (clade B) from

the anemones Aiptasia sp. or A. tagetes, respectively. They
associated to a limited extent with cultured isolates (clade

A) from the tridacnids Tridaena croccci or Hippopus /;//>-

popns, and not at all with a cultured isolate (clade C) from

the stony coral Montipora vcrntco.sa. nor with a free-living

isolate (clade A) from subtidal sands. Aposymbiotic anem-

ones inoculated with a mixture of all isolates had only the

anemone taxon as their detectable symbionts. Re-inocula-

tion of induced symbioses with a mixture of all isolates and

incubation with wild anemones showed that the initial in-

duced symbioses with the anemone taxon were stable.

Anemones originally infected with tridacnid isolates either

additionally acquired the anemone taxon or had the former

outgrown by (he latter. These results demonstrate the pres-
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ence of a host-symbiont recognition mechanism, and pos-

sibly competition among potential algal symbionts in the

Aiptasia-Symbiodinium association. Here we present a

method that may be useful in monitoring the algal popula-
tion dynamics in symbiotic corals in the field, along with an

efficient method of rendering Aiptasia aposymbiotic for

further laboratory investigation of Aiptasia-Symbiodinium

symbioses.

Introduction

Bleaching of symbiotic invertebrates in coral reefs, such

as the reef-building corals, anemones, and giant clams, has

increasingly been noted over recent years. This phenome-
non, which results from the loss of the dinoflagellate sym-
bionts (= zooxanthellae) or their pigment content, has

mostly been associated with increasing water temperature

(Brown and Ogden. 1993; Glynn, 1996), solar radiation

(Gleason and Wellington. 1993: Snick et /., 1996), or both

(Drollet et nl.. 1995). In some cases, bleaching leads to the

death of the animal host; in other cases, the symbiosis and

the host recover (Knowlton, 2001 ).

It is not clear how bleached invertebrate hosts recover.

Perhaps at the end of the stressful period, any residual

symbionts from bleached or unbleached (Hayes and Bush.

1990) host tissues are able to propagate to repopulate their

hosts. It is also likely that bleached hosts acquire algal

symbionts from those available in the water column (see

Belda-Baillie el nl.. 1999). The actual mechanism may be a

combination of these (see also Jones and Yellowlees. 1997).

Recent use of molecular genetic markers has revealed the

genetic diversity present among members of the predomi-
nant symbiotic genus Symbiodinium, which would other-

wise be difficult to distinguish morphologically from one

another. Analysis of patterns of restriction fragment length

74
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polymorphism (RFLP) and sequences of their partial IXS

rRNA gene revealed that the symbiotic dinollagellates of

many cnidarians form three distinct clades: A, B, and C.

Similar algal symbionts associate with dissimilar hosts

(Rowan and Powers, 1991a, b). Furthermore, the dominant

Caribbean stony corals Montastraea aniuilaris and M.

furcolata have been found to simultaneously host Symbio-

dinium taxa from clades A, B, and C. These taxa are

distributed within the host colonies according to gradients

of environmental irradiance (Rowan ct ul.. 1997). Recently,

distinct functional differences have also been shown among
the clades' ability to synthesize mycosporine-like amino

acids under the influence of ultraviolet and photosyntheti-

cally active radiation (Banaszak ct u/., 2000).

An increasing appreciation of the genetic and functional

diversity of Symbiodinium has stimulated interest in the

ability of bleached hosts to accept different taxa of Svinhin-

cliniiiin and in whether they form stable symbioses. At-

tempts to address these and related questions in the anem-

one and clam symbioses, for example, have been hampered

by the limited availability of tools that would easily distin-

guish and monitor any competition between diverse algal

populations inside the animal host (e.g., Kinzie and Chee.

1979; Schoenherg and Trench, 1980; Fitt, 198?; Davy el ul..

1997; Schwarz. ct ul.. 1999; Belda-Baillie ct ul.. 1999).

In this study, we reexamined symbiosis specificity by

comparing the relative infectivity of different isolates of

Synibiotlininm with artificially bleached Aiptasia sea anem-

ones. These cnidarian hosts have been widely used as test

animals for studies of cnidarian-dinoflagellate interactions.

Here we used denaturing-gradient gel electrophoresis

(DGGE, Fischer and Lerman, 1979) of the hypervariable

VI + V2 region of the alga's 18S rDNA to distinguish

between Symhiodinium taxa before and after infection of

aposymbiotic anemones. DGGE is a fast and inexpensive

means of physically separating sequence variants. Used in

combination with PCR primers designed to conserved re-

gions of the 18S rRNA gene from Symbiodinium (see Carlos

c/ ul.. 2000), this method allows the study of communities

of algal symbionts within marine invertebrates such as

Aiptasia. Sequencing of the PCR products separated by
DGGE permits identification of members of the symbiont

community and analysis of phylogenetic relationships be-

tween different taxa. By attaching a high-temperature melt-

ing domain of GC-rich sequence to the DNA fragment, the

technique can detect nearly 100% of all possible sequence
variation (Sheffield et ul.. 1989). This approach can there-

fore detect a mixture of taxonomically distinct or closely

related Symbiodinium within the animal host (see Carlos et

ul.. 2000).

DGGE has been successfully used in profiling complex
bacterial communities (Muyzer et ul., 1993; 0vreas, 2000)

and eukaryotic organisms in aquatic environments (Van

Hannen ct ul.. 1998), as well as in estimating the relative

densities of uncultured bacterial populations (Watanabe and

Harayama, 1998). Carlos ct ul. (2000) recently used a vari-

ant of this technique, temperature-gradient gel electrophore-
sis (Rosenbaum and Riesner, 1987), in assessing the genetic

diversity of. Symbiodinium in individual clam and anemone
hosts. The same approach can be used to monitor the field

dynamics of algal populations in coral reefs (our unpub-
lished data). In this study, we successfully used DGGE
analysis for the first time in the investigation of cnidarian-

dinoflagellate interactions, particularly the specificity of the

association.

Materials and Methods

Induced bleaching of Aiptasia anemones

"Wild" symbiotic Aiptcisia (cf. insignts) (cu. 1-cm oral-

disc size), descendants of a single specimen originally from

a coral reef in Okinawa, were carefully collected from an

indoor aquarium containing flowing, sand-filtered seawater

from a nearby bay (see GenBank accession AY046885 for

our 18S rDNA sequence of this study organism). The aquar-

ium was heated to about 25C, and lit on a 12 h: 12 h

photoperiod with approximately 80 /Ltmol photons m 2
s

'

of photosynthetically active radiation (PAR) from daylight

FL 20S-E fluorescent tubes. Except in the case of the

infection trials described below, anemones were not fed. In

the indoor aquarium the anemones regularly proliferated

under fluorescent lights and in the presence of the sand-

filtered seawater.

Individual anemones were placed in 30-ml glass vessels

with translucent lids. Each glass vessel contained 25 ml of

autoclaved 0.45-/u,m filtered seawater (FSW). The following

day, after all anemones had attached themselves inside the

glass vessels, the anemones were placed in an incubator at

a temperature of 25.0 0.1 C and PAR of 78-82 /xmol

photons m ~s on a 12 h: 12 h photoperiod. After an

acclimation period of 2 weeks, replicate anemones were

randomly distributed to one of four treatments with con-

trolled temperature and light as follows; (1) 25C with 80

/iniol photons m PAR (light control), (2) 25C in the

dark (dark control). (3) 32C in the dark (moderate heat

stress), and (4) 35C in the dark (high heat stress). All

treatments were applied inside a multichamber incubator

(Bio multi incubator model LH-30-8CT). The treatments

chosen above were based on preliminary experiments which

showed that temperatures below 35
UC in the presence of

light were ineffective in rendering the anemones aposym-

biotic, whereas temperatures of 35C or above in the pres-

ence of light were lethal to '.lie anemones. Throughout the

bleaching experiment, the FSW medium was replaced twice

a week.

At the beginning of the bleaching experiment and at

subsequent regular intervals, the chlorophyll u (Chi </) con-

tent of the anemones was monitored to estimate the decline
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in density of their algal symbionts. Replicate anemones

(;;
- 4) from each treatment were separately rinsed in

distilled water and homogenized at 5000 rpm for 60 s by

beadbeating with a sterile 6-mm stainless steel ball bearing

in a 2-ml tube containing FSW (Biospec mini-beadbeater

model 31 10BX). The algal fraction was separated from the

animal fraction by centrifugation at 1000 X g for 5 min. To

remove any remaining host tissues, the algal pellet was

resuspended in FSW before being recovered by a brief

centrifugation ( 10,000 X g for -
1 s). This wash procedure

was repeated once more before the algal pellet was again

recovered by centrifugation ( 10,000 X g for I s) and stored

frozen at 20C. The beadbeating procedure did not result

in the release of algal pigments into the homogenate; hence,

it was assumed that algal cells remained intact throughout

the procedure.

Chi a was later extracted from the algal cells by bead-

beating for 30 s with about 250 /xl of 800- /u,m glass beads in

90% acetone and incubating at 4C for 24 h. The sample

was then centrifuged (2000 X g for 10 min), and the

absorbance of the supernatant was read at 750, 664, and 630

nm. Chi u concentration was quantified using the equations

of Jeffrey and Humphrey (1975). When Chi a could no

longer be detected spectrophotometrically in the anemones

at the final sampling, the anemones were examined under a

fluorescence microscope (Olympus SZX12) to verify the

absence of red fluorescence emanating from any residual

algal symbionts. Finally, the total DNA from whole Aipta-

\iu individuals (including any remaining symbiotic algae)

was extracted and polymerase chain reaction (PCR) carried

out using zooxanthellae-specitic primers (described below)

to determine if they were completely aposymbiotic.

Induced symbiosis between aposymbiotic uneinoncs unJ

Symbiodinium i\olnle.\

After the development of an efficient means of rendering

the anemones aposymbiotic, more anemones in individual

vessels were induced to bleach within 1 month. They were

acclimated to normal conditions (25
:

C. 80 /umol photons

m~ 2
s~' PAR) for 2 weeks, and then a few representatives

were checked for the complete absence of algal symbionts

by examination under a fluorescence microscope.

Meanwhile, log-phase cultures of the following isolates

of S\'iuhincliiiiiiin were harvested and washed in FSW by

centrifugation at 1000 X g for 5 min: (I) TC2A, a clonal

isolate from the tridacnid clam Triiluciui froccn (see isolate

PHQU TC2A from Baillie </ <//.. 1998): (2) HH2A. a clonal

isolate from the tridacnid clam ////>/"'/"'-v lii/ipa/uts (see

isolate PHSC HH2A from Baillie ct ul.. 1998); (3) HA3-5.

a clonal isolate of a free-living isolate from Hawaiian sub-

tidal sands (see Carlos ct til.. 1999); (4) CSI64, a clonal

isolate from the anemone Aiptasin uigctc.'i (culture pur-

chased from the Commonwealth Scientific and Industrial

Research Organisation [CSIRO], Australia); and (5) CSI56,

a clonal isolate from the stony coral Monti/mm vernicosti

(culture purchased from CSIRO). In addition to these five

clonal cultures, /ooxanthellae from a specimen of Aiptasiti

sp. held in the aquarium were freshly isolated (Aipiusiti FIZ)

using the protocol described above. Analysis of the partial

sequences of their I8S rDNA indicates that the isolates

TC2A, HH2A. and HA3-5 belong to clade A of the

Symbiodinium phylogeny (GenBank accession numbers:

AF289268, AF289269, ABO 16572. respectively): CS164

(AF289270) and Aiptusiu FIZ (AF289267) belong to clade

B; and CS156 (ABO 16594) belongs to clade C (see also

Carlos el <//.. 1999. 2000). TC2A and HH2A further differ

from one another by one nucleotide, judging from their

internal transcribed spacer regions (ITS-5.8S-ITS2) (our

unpublished data).

Except for a control group (;;
= 10 anemones), replicate

aposymbiotic anemones were inoculated with one of the six

isolates (;/
= 10 anemones for each isolate), while another

group (;?
= 10 anemones) was inoculated with a mixture of

all six isolates. Algal suspensions of the isolate being stud-

ied were squirted over the oral discs of the anemones at a

linal concentration of about 10
4

cells ml
' anemone me-

dium. To check for algal infection, the inoculated anemones

were observed daily for a week at high magnification under

a dissecting microscope (OM System). At 2. 4. 8, and 12

weeks after the initial inoculation, any infective symbionts

were re-isolated from anemones (H = 2) from each treat-

ment and frozen for identification and comparison with the

inoculating isolates.

To determine whether the initially induced symbioses

were stable, the remaining anemones (n = 2) from each

treatment were re-inoculated once with a mixture of all the

cultured isolates; in addition, each was incubated with a

wild symbiotic anemone taken from aquarium stocks. This

treatment ensured that the remaining anemones from each

treatment had access to a wide range of possible algal

symbionts. including the Syiiibiodiniiini that is regularly

released by the wild anemones. After 1 month, the symbi-

onts from anemones (n = 2 for each treatment) were re-

isolated for identification. The experimental anemones were

easily distinguishable from the wild symbiotic anemones by

their relatively light color and small size.

Two sets of the infection experiment described above

were earned out simultaneously. In the first set, the anem-

ones were fed once a week with freshly hatched Anemia

iiiinplii. In the second set, the anemones were unfed. This

was to determine the effect of host nutritional status on the

infectivity of the algal isolates and the stability of the

induced symbioses. In both sets, the FSW medium was

changed twice a week, a few hours after the anemones in the

lirst set were fed.

Bleached anemones that appeared to remain aposymbi-
otic alter exposure to algal isolates were examined for the
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presence of algal cells by means of Chi a measurements,

fluorescence microscopy, and PCR using zooxanthellae-

specific primers (described below) to determine if they were

completely aposymbiotic. Anemones were considered to

have remained completely bleached only if they lacked Chi

a, they had no fluorescent algal cells in their tissues, and

their total DNA failed to produce a zooxanthellae-specilk

PCR product.

Extraction of DNA from anemones and from symbiotic

and cultured algtie

Total DNA from visibly bleached Aiptasia individuals

(including any symbiotic algae present) was extracted by

beadbeating each anemone (5000 rpm for 60 s with a sterile

6-mm stainless steel ball bearing) in a 2-ml tube containing

1 .0 ml of proteinase K buffer (10 mA/ Tris; 1 00 mA/ EDTA,
1.07r SDS). The homogenate was then incubated at 40C
overnight with proteinase K (0.1 mg ml

'

). the protein

fraction extracted twice with an equivalent volume of buff-

ered phenol, and the phenol removed by extraction twice

with an equivalent volume of chloroform. DNA was pre-

cipitated by addition of 2.5 volumes of absolute ethanol and

0.1 volume of 3 A/ sodium acetate (pH 6.1 ), and incubation

at 20C for at least 30 min. Precipitated DNA was recov-

ered by centrifugation at 10.000 X g for 15 min. washed

with 70% ethanol. and dried in a vacuum centrifuge for 2

min. Dried DNA was dissolved in 100 /^l TE buffer ( 10 mA/

Tris; 1 mA/ EDTA, pH 8.0) and quantified by measuring its

absorbance at 260 nm on a DU 640 spectrophotometer

(Beckman Instruments, Inc., Fullerton. CA).

For DNA extraction from cultured and symbiotic algae,

algal pellets were prepared as described earlier. Each algal

pellet was suspended in 1.0 ml of proteinase K buffer,

transferred to a 2-ml tube containing about 750
/u.1

of

800-/u,m glass beads, and lysed at 5000 rpm for 60 s in a

mini-beadbeater. DNA was then extracted from the lysate as

described above, using the proteinase K method.

Molecular genetic identification of infective

Symbiodinium tiixu

PCR was used with the following zooxanthellae-specific

primers (Carlos et a/.. 2000) to amplify the hypervariable

VI + V2 region of the alga's 18S rRNA gene: z8 (forward)

5'-GTCTCAAAGATTAAGCCATG-3'; zPV2R (reverse)

5
'-GCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCA-

CGGGGGGCTCCGTTACCCGTCATTGCC-3 '

(annealing

region underlined). A 40-bp GC-rich sequence or GC-clamp
(Sheffield ct ai. 1989) was attached to the 5' end of the

reverse primer.

AmpliTaq Gold DNA polymerase (PE Applied Biosys-

tems, Foster City. CA) was used for all PCR amplifications.

PCRs (20 jLtl) contained 10 mA/ Tris-HCl, 50 mA/ KCI.

0.001% (w/v) gelatin. 1.5 mA/ MgCU 150 ju.M of each

dNTP, 0.5 U of AmpliTaq Gold, 8 pmol of forward primer,

8 pmol of reverse primer. ;md between 1 and 10 ng of DNA.

Amplification reactions were run in a TP240 thermal cycler

(Takara Biomedicals. Japan) using the following thermal

program: 94
;C for 1 2 min; 40 cycles of 94'

:

'C for 30 s. 50C
for 30 s. 68C for 2 min: and 7 ( for 15 min. These

reaction conditions were used to amplify any zooxanthellae

18S rDNA present in the total DNA from bleached anem-

ones and also from the DNA extracted from algal pellets.

The presence of the PCR product (ca. 370 bp) was con-

firmed by electrophoresis on a 1.5% agarose gel.

To resolve different amplified 18S rDNAs derived from

different Symbiodinium taxa within the anemone host. 5 /ul

of the PCR products was loaded on a parallel DGGE gel

using the Bio-Rad Dcode universal mutation detection sys-

tem. The PCR products were resolved on a 6% acrylamide

gel (acrylamide/bis 37.5:1) using a 0%-100% denaturing

gradient (0-7 M urea and 40% v/v formamide) at 58C, and

run at 150 V for 5 h. The gel was later stained in SYBR
Green II (Molecular Probes) for 20 min and viewed on a UV
transilluminator. Each vertical lane on the gel represents a

"population profile." or a pattern of bands with each band

representing a different taxon of Symbiodinium. Distinct

bands containing the DNA fragment were excised, im-

mersed in 100 jul TE buffer, and shaken at 30C overnight.

Fluted DNA was precipitated in absolute ethanol with 0.3 M
sodium acetate, washed in 70% ethanol, dried in a vacuum

centrifuge, and redissolved in 20
;u,l

TE buffer. The purified

DNA fragment was then re-amplified using the same set of

primers and PCR conditions. The nucleotide sequences of

the amplified products were determined using the ABI

PRISM dye terminator cycle sequencing ready reaction

kit (PE Applied Biosystems) and the nested sequencing

primers z9 (forward): 5'-ATGCATGTCTCAGTATA-
AGC-3'; zSV2R (reverse): 5 '-CTCCGTTACCCGTCAT-
TGCC-3' (Carlos et <//.. 2000). The sequencing reaction

products were read on a 377 DNA sequencer (PE Applied

Biosystems).

To identify the algal symbionts from the infected anem-

one hosts, the nucleotide sequences of their DGGE bands

and those of Symbiodinium clade representatives from the

Genbank database were aligned using the multiple sequence

alignment program Clustal W version 1.7 (Thompson et

a!., 1994). The I8S rDNA VI + V2 sequences, excluding

ambiguous regions (gaps, insertions. Hanking primer re-

gions), consisted of 292 aligned sites. To confirm the clade

affiliation of the algal symbionts, phylogenetic reconstruc-

tion based on the neighbor joining distance method (Saitou

and Nei, 1987) was carried out using Clustal W version 1 .7

with a Kimura two-parameter distance matrix. Clade reli-

ability was estimated by 1000 times bootstrap resampling of

the aligned data set. This method was used to establish clade

affiliations, since phylogenetic reconstruction based on 18S

rDNA sequence has been shown by Carlos et al. (1999) to
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result in the reconstruction of Symbiodinium phylogenies

that are consistent with the clade A, B, and C groups derived

from RFLP data. In addition to the 18S rDNA sequence,

phylogenetic reconstruction based on the internal Iran-

scribed spacer region (Baillie et til., 2()()()b) and partial

RUBISCO sequence (our unpublished data) also recovers

phylogenies consistent with clades derived from RFLP data.

Electron microscopv observations of the external

nn>rpli<>l(>g\ of Symbiodinium isolates

Log-phase algal cultures of the different strains of Sym-

bioiliniit/ii were harvested, washed, and resuspended in

FSW as described above. One volume of each algal suspen-

sion was fixed for 2 h at room temperature with three

volumes of 3.3% glutaraldehyde in 0.067 M Na-cacodylate

buffer (pH 7.2) containing 1.33% NaCI. The final concen-

trations of glutaraldehyde, NaCI. and eacodylate were 2.5%,

1 .0%, and 0.05 M, respectively. The fixed cells were serially

dehydrated in ethanol (30%, 50%, 75%, 90%. 95%, 100%,

and 100%). and transferred into an isoamylalcoholiethanol

mixture (1:1) and then into 100% isoamylalcohol. The cells

were dried in a critical-point dryer, sputter-coated with Pt

and Pd, and mounted on a specimen stub with double-sided

tape. The cells were then observed under a Hitachi S-2500

scanning electron microscope.

Results

Induced bleaching of Aiptasia anemones

Figure 1 shows the Chi a content of the anemones over

time, representing the temporal change in algal density in

the different treatments. By day 10, all anemones had lost

some Chi a or algal symbionts. with those at 35"C in

darkness having the least amount of Chi a and looking the

palest of all. By day 20, all anemones had lost more Chi a

or algal symbionts and looked much paler, while those at

35C in darkness had no detectable Chi a and appeared

completely white. When examined under a fluorescence

microscope, these bleached anemones (incubated at 35"C in

the dark) had no detectable algal symbionts. When total

DNA from bleached anemones was used in PCR using

/.ooxanthellae-specinc primers, no algal 1 8S rDNA could be

amplified. These data demonstrate that anemones treated at

35C in the absence of light for 20 days were free from algal

symbionts. The bleaching treatment apparently did not harm

the anemones, as indicated by their normal feeding response

and continued asexual reproduction through pedal lacera-

tion.

Infectivity of different Symhiodinium isolates

A few minutes after inoculation, the algae could be seen

m the anemone's translucent gastrodermal cavity. Although

some motile Symbiodinium were present in the inocula, we

IV
*>
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Table 1

Infectivity over time of different Symbiodinium isolmc on aposyrnbiotic Atptasia iint'iiionc-*

Alaal strain (elude!

Weeks follow inn inoculation

Original source of isolate

Control (none)

CS156 (C)

HA3-5 (A)

Hh2a(A)

Tc2a (A)

CS164 (B)

Aiptasia FIZ (B)

Mixture eit above

Montipora verrucosa (coral)

Free-living in subtidal sand

Hippopus hippopus (tridacmd)

Trittucna crocea (tridacmd )

Aiptasia tagetes (anemone)

Aiptasia sp. (anemone)

All of above

_|_day2

[ ]

= no infection; [day#]
= observed time of initial infection; (

+
]

= extent of infection.

relative growth of the algal populations in different treat-

ments. Anemones inoculated with the clade B isolate

(CS164) or Aiptasia FIZ (clade B algae) from anemones

were successfully infected, with dense algal populations in

the hosts' tentacles and basal columns. Those inoculated

with a mixture of all isolates were also successfully in-

fected. Infectivity of the different algal isolates, as deter-

mined by microscopic observation, was the same whether

the previously bleached hosts were fed or unfed.

Comparison of the external morphology of different

Symbiodinium isolates

The coccoid forms of Symbiodinium isolates seen under a

scanning electron microscope appeared similar, except for

size (data not shown). The same was true for all motile

forms. No motile forms were observed among symbionts
that were freshly isolated from Aiptasia. It is difficult, if not

impossible, to distinguish one isolate from the other based

on their external morphology (cf.. Trench and Blank 1987,

LaJeunesse, 2001 ).

Stability of induced symbioses over time and

upon re-inoculation

Figure 2 shows the population profiles of the S\mhi-
dininni isolates used for inoculating the anemones, the algal

populations present in the anemones 1 to 3 months after

initial inoculation, and the algal populations 1 month after

re-inoculation with a mixture of algal isolates and incuba-

tion with wild symbiotic anemones. DGGE analysis of the

clonal cultures and FIZ revealed a single band for each of

these isolates, and further revealed PCR products that had

different DNA sequences. The differences among the 18S

rRNA gene copies in the clonal cultures and Aiptasia FIZ

are therefore negligible, and DGGE analysis was able to

resolve differences between the 18S rRNA gene sequences
of the Symbiodinium clades used in this study. The identical

18S rDNA VI + V2 sequences of the two clade A isolates

from clams are reflected in the same mobility of their single

bands. Although difficult to see from the figure (Fig. 2).

mixtures of the two different clade A sequences (HA3-5 and

B

Figure 2. Denaturing-gradient gel electrophoresis (DGGE) profiles of

inoculating Syinhiixliniiini isolates and re-isolated algal symbionts based on

their amplified 18S rDNA VI + V2 I nels A and B represent

separate DGGE gels. Panel A: lanes a-g le the respective DGGE profiles

of inoculating S\mhioilinnmi isolate
1

I c-a (elude A). Hh2a (clade

A). HA3-5 (clade A). CS164 (clade B), \ii<iuxiu FIZ (clade B). CS156

(elade C). and Mixture (clades A I; t ' lanes h-j are the respective DGGE

profiles of the symbionts re-isoh d Irom anemones 1 and 3 months after

initial inoculation with a mixture ol strains, and I month after re-inocula-

tion with the mixture. Panel B: lanes k-n respectively represent the original

TC2A inoculum, symbionts re isolated from anemones 1 month ufter initial

TC2A inoculation, symbionls re-isolated from anemones 3 months after

initial TC2A inoculation, and symbionts re-isolated from anemones 1

month after Mixture-re-inoculation. This pattern is repeated across the gel

for HH2A lo-rl. CS164 (s-v). and Aiphixiu FIZ inoculation (w-z).
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the clam isolates) can be separated by DGGE. The identical

DNA sequences of the two clade B isolates from anemones

(CS164 and Aiptasia FIZ) are also reflected in their same

mobility under DGGE. The mixed inoculum had a four-

band profile, reflecting the presence of two sequences in

clade A, one in clade B, and one in clade C.

After 1 to 3 months of initial mixed-isolate inoculation,

and a month after re-inoculation with mixed strains (includ-

ing expelled symbionts from wild anemones), only clade B

symbionts could be detected in the anemone hosts. After 1

to 3 months of inoculation, the clade A clonal isolate TC2A
had an identical DGGE profile and amplicon sequence to

that of the re-isolated symbionts from TC2A-inoculated

anemones. After re-inoculation with a mixture of isolates,

however, DGGE profiles revealed a second taxon a clade

B anemone symbiont in the anemones. The clade A
clonal isolate HH2A was also identical to re-isolated sym-
bionts from anemones after 1 to 3 months of inoculation

with HH2A. But after re-inoculation with a mixture of

isolates, this clam taxon was outgrown, or possibly dis-

placed, by a clade B anemone symbiont. The re-isolated

symbionts from anemones initially inoculated with cultured

or FIZ isolates from Aiptasia spp. remained identical to the

original inoculum over time and after re-inoculation with

mixed isolates. The nutritional status of the hosts affected

their final size, with the unfed ones being much smaller than

the fed ones, but had no discernible effect on the stability of

the induced symbioses (data not shown).

The clade affiliation of the inoculating isolates and infec-

tive Symbiodinium taxa was confirmed by phylogenetic

reconstruction with known Symbiodinium clade representa-

tives (data not shown; see Carlos et al.. 1999. 2000). In

Figure 3. the 18S rDNA VI + V2 sequences of the inocu-

lating and infective taxa in the previously aposymbiotic

anemones are compared. Anemones initially infected with

the HH2A (clade A) isolate from a clam appeared to have

eventually lost this taxon; they acquired an anemone taxon

(clade B) following re-inoculation. Anemones initially in-

fected with the TC2A (clade A) isolate from a clam main-

tained this taxon, but acquired a second taxon from anem-

ones (clade B) after re-inoculation. Anemones initially

infected with cultured (CS164) or fresh (FIZ) anemone

isolates (clade B) retained these taxa over time and after

re-inoculation. Those inoculated with a mixture of all iso-

lates had only the anemone taxon (clade B) as their detect-

able symbionts.

Discussion

This study demonstrates the specific nature of the asso-

ciation between Aiptasia (cf. insignis) and Symbiodinium.

Some algal isolates were able to infect aposymbiotic anem-

ones while others were not, even in the absence of compet-

ing taxa. In particular, symbiosis seemed to be favored

between the Aiptasia hosts and algal isolates from identical

or related anemones. Schoenberg and Trench ( 1980) found

much earlier that aposymbiotic A. ta^etes were more suc-

cessfully infected by homologous isolates of Svnibiodinium

(from same host species) than by heterologous isolates

(from different host species), some of which were unable to

infect the anemones at all. even after 6 months of inocula-

tion. The aposymbiotic planulae of the temperate anemone

Anthopleiiru elegantissima were able to form an association

with fresh isolates from a conspecific adult, but not with

cultured S. californium, a species reported to occur in A.

elegantissima (Banaszak et at., 1993; see Schwarz et al.,

1999). In this study. Aiptasia hosts also associated to a

limited extent with algal isolates from tridacnid clams.

Indeed, a number of different marine invertebrates that host

Symbiodinium were also reported to form heterologous as-

sociations under controlled conditions (see Kinzie. 1974;

Kinzie and Chee, 1979; Schoenberg and Trench. 1980;

Colley and Trench. 1983; Davy et til.. 1997). The results

presented here provide further support for the presence of

some host-symbiont recognition mechanism between the

anemone host and its potential dinoflagellate symbionts

(Kinzie. 1974; Kinzie and Chee, 1979; Schoenberg and

Trench, 1980; Trench et ui. 1981; Colley and Trench. 1983;

Davy et til.. 1997).

An all-or-none process of recognition suggested by

Schoenberg and Trench (1980) for zooxanthellate symbio-

ses may account for the observed preference of association

between the Aiptasia hosts and some algal taxa over at least

the short term. Also, in the Hydra-Chlorella symbiosis

(reviewed by Schoenberg and Trench. 1980). it has been

suggested that recognition follows nonspecific phagocytosis

of a zoochlorella by a host digestive cell. Retention or

expulsion of the alga is determined by interactions between

the host vacuole's inside-surface receptors and the algal

surface antigens that vary between algal isolates. In the

coral Fnni>iu scutaria-Symbiodinium association, dino-

flagellates that entered the gastric cavity of aposymbiotic

coral planulae were also observed to be phagocytosed by the

host's endodermal cells (Schwarz et til.. 1999).

Davy et til. (1997) found that uptake of zooxanthellae

from Antlwpleurii hallii into Cereus pedunculatus was

lower than that for other zooxanthellae. They proposed that

discrimination based on the surface characteristics of the

algae might explain this phenomena. Although some work-

ers have used morphological characteristics to describe sev-

eral zooxanthellae species (see Trench and Blank. 1987;

LaJeunesse, 2001 ), our SEM observations of the isolates in

the present study showed that they have similar external

morphology. There appears to be no observable correlation

between symbiont morphology (as seen with SEM) and

infeetivity (see also Schoenberg and Trench. 1980). As

others have proposed, it is possible that the recognition
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Hh2a inoculum CATGTCTCAGTATAAGCTTTTACACGGCGAAACTGCGAATGGCTCATTAAAGCAGTTATAATTTATTTGATGG

"Hh2a" re-isolate --AG-C-A-T--T-- --G--

Tc2a inoculum --TT-T-C-C--C --A--

"Tc2a" re-isolate #1 TT-T-C-C--C --A--

"Tc2a" re-isolate #2 --AG-C-A-T--T --G--

CS 164 inoculum --AG-C-A-T--T-- --G--

"CS 164" re-isolate --AG-C-A-T--T --G--

F1Z inoculum AG-C-A-T--T-- --G--

"FIZ" re-isolate --AG-C-A-T--T-- --G--

"Mixture" re-isolate --AG-C-A-T--T-- --G--

Hh2a inoculum TCACTGCTACATGGATAACTGTGGTAATTCTAGAGCTAATACATGCACCAAAACCCAACTTCGCAGAAGGGTT

"Hh2a" re-isolate -TG-- --T-C--G G T

Tc2a inoculum -CA-- --C-A--A A c

"Tc2a" re-isolate #1 -CA-- --C-A--A---A c--

"Tc2a" re-isolate #2 -TG-- --T-C--G G T--

CS164 inoculum -TG-- --T-C--G---G T

"CS 164" re-isolate -TG-- --T-C--G---G T

FIZ inoculum -TG T-C--G G T

"F1Z" re-isolate -TG --T-C--G G T

"Mixture" re-isolate -TG --T-C--G G T

Hh2a inoculum GTATTTATTAGATACAGAACCAACGCAGGCTCCGCCTGGT TGTGGTGATTCATGATAACTCGATGAATCGT

"Hh2a" re-isolate --G .. C -- __ C -- --CA-- --T--C

Tc2a inoculum --A --A-- --G-- C--T

"Tc2a" re-isolate #1 --A-- --A-- --G-- C--T

"Tc2a" re-isolate #2 --G-- -_ C -- .. r .--c-- --CA-- --T--c--

CS164 inoculum --G c-- -_c-- CA-- --T--C

"CS 164" re-isolate --G c-- --c-- --CA-- --T--C

FIZ inoculum --G c-- __ C -- CA-- --T--C--

"FIZ" re-isolate --G--- --c-- .-c-- --CA-- -_T--c--

"Mixture" re-isolate --G --c --C-- CA --T--C--

339

Hh2a inoculum GTGGCTTGGCCGACGATGCATCTTTCAAGTTTCTGACCTATCAGCTTCCGACGGTAGGGTATGGGCCTACCGT

"Hh2a" re-isolate -c C-T --G--A __T--

Tc2a inoculum -T T-G-- A--T --G--

"Tc2a" re-isolate #1 -T T-G-- A--T-- --G--

"Tc2a" re-isolate #2 -c C-T --G--A-- .-T--

CS164 inoculum -c C-T-- --G--A-- --T--

"CS 164" re-isolate -c C-T-- -_ G --A-- --T--

FIZ inoculum -c C-T-- --G--A-- _-T--

"FIZ" re-isolate -c C-T-- --G--A-- --T--

"Mixture" re-isolate -c C-T-- --G--A-- ._T--

Figure 3. Comparison of the 18S rDNA VI + V2 sequences of inoculating and infective Symhiacliniiini strains following denaturing-gradient gel

electrophoresis. "HH2A" re-isolate refers to re-isolated symbionts from HH2A-inoculated anemones after re-inoculation with a mixture of Symbiodinium

strains and incubation with symbiotic wild anemones; "TC2A" re-isolate refers to re-isolated symbionts from TC2A-inoculated anemones after

re-inoculation with a mixture of isolates; and so on. (FIZ =
freshly-isolated zooxanthellae from Aiptasia sp., [ ]

= conserved nucleotide, [ ]

=
missing

nucleotide, number = nucleotide position on the 18S rRNA gene.)
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between the anemone host and its algal symhionts occurs at

the molecular level (for a review see Trench. 1997).

Previous studies by Lin ct ai (2000) on the Aiptasia

pulchella-Symbiodinium symbiosis have demonstrated that

glycoproteins on the algal cell wall are crucial factors in the

establishment of the association (see also Markell and

Trench. 1993). It is possible that such surface glycoproteins

or related molecules mediate recognition between Aipttisia

and its potential symbionts (see Lin ct ai, 2000). Failure of

the clade C and free-living Syiiihiodiniiini isolates to infect

AipUisiii suggests that they lack the appropriate recognition

factors. On the other hand, the clam and clade B isolates

appear to possess cell wall components suitable for host-

symbiont recognition. Our future studies will investigate the

presence of distinguishable surface epitopes on the cell

walls of the Symbiodinium isolates used in this study.

This study also suggests that after initial recognition,

infective taxa proliferate at different rates, with the homol-

ogous isolates (CS 164 and FIZ from anemones) establishing

higher symbiont densities than the heterologous isolates

(TC2a and HH2a from clams). A similar observation was

made by Davy ct al. (1997) during the initial 8 weeks

following infection of Ccrcus pedunculatus with homolo-

gous and heterologous zooxanthellae (see also Schoenberg
and Trench. 1980). This effect may have been due to lower

growth rates, higher levels of expulsion, or higher levels of

digestion of the clade A taxa. Whatever the reason, it is

interesting that although the clade A taxa have the same 18S

rDNA sequence, their densities within infected anemones

were different after 12 weeks. Since these clam isolates are

almost certainly conspecitic, this supports the idea that there

is significant intraspeciric genetic (and hence phenotypic)

variation in these clade A symbionts from giant clams (see

Belda-Baillie ct til.. 1999; Baillie ct ai. 2000 a. b).

After inoculation with a mixture of all Symhiadiniitiu

isolates, all anemones were found to host the clade B

symbionts (CS164. Aipumiti FIZ. or both). In all but one

case (that of TC2A). only the clade B symbionts were

detected. This observation demonstrates another difference

between these two clade A taxa from giant clams. Given the

success of the anemone (clade B) isolates in outgrowing or

displacing the HH2A symbionts and in co-inhabiting with

the previously established TC2A symbionts. we can rank

the isolates according to their ability to form an association

with Aiphisiti (and according to symbiont density after 12

weeks): HA3-5 and CS156 < HH2A < TC2A < < CS164,

Ai/nnsiii FIZ.

The outgrowing or possible displacement ot HH2A sym-
bionts by the clade B symbionts could be a result of com-

petitive interactions. In that case the clade B symbionts may
be better adapted to growth within the same niche (the

anemone) and are able to outcompete the clade A taxon.

Alternatively, the same result might be seen if the host is

able to distinguish between the two taxa, and the clade A

taxon is preferentially digested or expelled even after form-

ing an association with HH2A for many weeks. If the latter

case is true, then recognition may occur during, as well as

after, initial uptake. It also implies that there may be a range

of cell-surface epitopes that a single host could recognize as

"self (see the review by Trench, 1997). On balance, the

simplest explanation for the outgrowing or displacement of

HH2A symbionts is competition for resources within the

anemone host by two "recognized" symbionts. Efficient

competitors are expected to maintain high specific growth
rates and eventually, according to the principle of compet-
itive exclusion, exclude less efficient taxa (see also Fitt,

1985).

The coexistence of the TC2A and clade B symbionts in

the same anemones might be another form of competition

between two symbiont taxa. It is arguable whether such an

association with both taxa might persist indefinitely. The

fact that TC2A was still present may reflect its ability to

grow faster than the HH2A isolate when inside the anem-

one. It is also possible that different taxa may coexist over

long periods in the same host by exploiting different niches

or resources within that host (see Baillie et ai. 1998: Belda-

Baillie ct nl.. 1999; Carlos ct ill.. 2000). Anemones, how-

ever, may offer algal symbionts fewer microhabitat varia-

tions than other hosts, such as the giant clams (see Carlos et

ai. 2000). If different taxa coexist in the same niche, then

diversity may be maintained according to Hutcliinson's

(1961) concept of diversity under nonequilibrium condi-

tions (for a discussion, see Carlos ct ai, 2000).

Distinct functional differences between clades A. B. and

C Symbiodinium have recently been demonstrated (Ban-

as/ak ct til.. 2000). All the A clades tested synthesized

mycosporine-like amino acids under the influence of UV
and PAR. but the B and C clades did not. In the present

study, the limited number of clade representatives available

for comparison precludes interpretation of any apparent

discrimination between different clades (i.e.. selection of

clade B over others). However. Schoenberg and Trench

( 1980) found the growth of infective algal symbionts to be

directly related to their isoenzyme similarity coefficient

relative to the native algal symbiont in the test host Aiptasia

tuxctcs. but there was no correlation between infectivity of

algal symbionts and the phylogenetic relatedness of the

original hosts to the infected anemones.

In the present study, the aposymbiotic anemones were

able to establish symbiosis with algal isolates from tridac-

nids (Tridiwiui. Hippupus). but not with an algal isolate

from a stony coral (Mantipcm vcrnicnsa). This is consistent

with previous studies in which isolates from tridacnids were

shown to successfully infect aposymbiotic Aiptasia (Kinzie

and Chee. 1979|. These observations suggest that the nor-

mally extracellular symbionts of giant clams (Norton ct ill.,

1992) are capable of an intracellular mode of existence in

cnidarian hosts (see also Carlos et ai. 2000). It was ex-
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pected, however, that the TC2A isolate from T. crocea

would eventually have been outcompeted by the FIZ or

CS164 isolate from Aiptasia. given our observation that

only a clade B taxon was present in anemones that have

been maintained with T. crocea in aquaria. Rowan and

Powers (1991a) also found only clade B taxa in Aiptasia

pulc/iella and A. pallidu maintained in the laboratory, and in

Anilutpli'iiru elegantissima collected from the Held.

Our study used Aiptasia individuals arising from a single

individual (i.e., individuals with the same genotype), and

thus we cannot say whether different host individuals would

have the same preferences for symbionts. Nevertheless, the

fact that Aiptasia-Symbiodinium associations can harbor

clade B algae such as Symbiodinium pitlclironti/i (host =

Aiptasia pulchelld), S. burmudense (host = A. tagetes), and

Symbiodinium sp. CS164 (host = A. tagetes) supports the

idea that some Aiptasia species have an affinity for the clade

B taxa. Previous analysis of the 18S rDNA sequence from

om Aiptasia FIZ indicates that it is S. pulchrorum (Carlos et

al.. 2000). On balance, it seems likely that the genotype of

Aiptasia used in our study may be typical of the other

Aiptasia spp. studied so far (inasmuch as it seems to have an

affinity for the clade B symbionts). However, further study

will be needed to determine if other Aiptasia genotypes

have different symbiont specificities, as has been seen in the

gorgonian Plexaura kuiui (for example, see Goulel and

Coffroth, 1997).

It is likely that similar specificity occurs in the anemones'

close relatives, the reef-building corals. Schwarz et al.

(1999) found that the aposymbiotic planular larvae of the

scleractinian coral Fimgia scutaria can be experimentally

infected by Symhiodiniitm from eludes A, B, and C (from

Cassiopeia xamachana, Aiptasia palliila, and F. scutaria.

respectively). However, the stability of the induced symbi-
oses and competition between algal symbionts were not

investigated. The prevalence of polymorphic symbioses in

any given coral reef community (Rowan and Powers,

199 la; Carlos et ai, 1999) and the regular expulsion of

algal symbionts (Steele, 1975; Hoegh-Guldberg etui, 1987;

Stimson and Kin/.ie, 1991; McCloskey et al.. 1996; Ma-

ruyama and Heslinga. 1997) suggest a common pool of

diverse algal symbionts available for infection (see also

Baillie ct ni. 20()0b). However, the specificity of the Aipta-

sia-Symbiodiniwn association and others in coral reefs sug-

gests that, under normal environment conditions, existing

symbiotic associations may be the most favored and stable

of all possible partnerships, including those in which sym-
biont acquisition occurs through maternal inheritance. Nev-

ertheless, the flexible nature of these symbiotic associations

may be an adaptational advantage in changing environmen-

tal conditions (Buddemeier and Fautin, 1993; Rowan and

Knowlton, 1995; Davy et al.. 1997).

It is curious that the only free-living Symbiodinium re-

ported to date (Carlos et al.. 1999), the HA3-5 clade A

isolate from Hawaiian suhtidal sand, was unable to infect

aposymbiotic Aiptasia anemones. Phylogenetic studies have

shown that this isolate is closely related to the algal sym-
bionts of some foraminiferans (Carlos et al.. 1999). How-

ever, HA3-5 has not as yet been shown to form associations

with any marine invertebrates, so tins isolate may be exclu-

sively free-living. If this is indeed the case, there may be

other free-living taxa in coral reels that are genetically,

though perhaps not morphologically, distinct from free-

living stages of symbiotic algae. Whether the free-living

stage of symbiotic taxa of Symbiodinium serves only as a

dispersal mechanism remains to be seen. Further investiga-

tion of free-living Symbiodinium will improve our under-

standing of dinoflagellate population dynamics on coral

reefs.

The decline in the algal Chi a content in the control

anemones (25C, with or without light) can be attributed to

starvation and possibly to decreased shading relative to

conditions in the aquarium. In the aquarium, the wild anem-

ones had access to fresh particulates from flow-through

seawater, and they were stocked at high densities, ll is

noteworthy that in rendering the anemones aposymbiotic.

dark incubation for one month at elevated temperature was

a quick and efficient means of removing algal symbionts,

without the use of any chemicals and without apparent harm

to the animal host. Elevated temperature (Iglesias-Prieto et

al.. 1992; Warner et al.. 1996) must have acted synergisti-

cally with the absence of light hi impair the photosynthetic

mechanism of the algal symbionts, leading to their quick

escape or removal. We believe that this technique for Aiptu-

sia is a significant improvement over previously published

protocols that required dark incubation for 2 to 3 years to

completely remove the anemones' symbionts (Kinzie and

Chee, 1979), or use for months of the photosynthesis inhib-

itor DCMU (3-|3.4-dichlorophenyl]-l.l-dimethylurea),

which has been previously shown to he not completely

effective (Schoenberg and Trench, 1980). Treatment at

35C in the dark may not be suitable for inducing bleaching

of other marine invertebrates, however. For example, the

temperatures used in our study may be lethal to temperate

hosts. In addition, a study of the temperate sea anemone

Anthopleura elegantissima demonstrated that high temper-

ature (20C) decreased zoochlorellae density and had little

effect on zooxanthellae (Suunders and Muller-Parker,

1997). Nevertheless, we believe that the method we used in

this study will facilitate syn
' icsearch with Aiptasia

sp. The application of a si > ^chnique to other model

zooxanthellae-associations .ich as giant clams, will require

further study and optimi/; '.on.

This study also undoi ^ oies the utility of appropriate

molecular genetic tools in understanding the dynamics of

invertebrate-dinoflagellate associations on coral reefs. In

previous studies on the specificity of anemone-dinoflagel-

late symbioses (Schoenberg and Trench, 1980; Buddemeier
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and Fautin. 1993: Rowan and Knowlton 1995; Davy et <//.,

1997; Schwarz et cil., 1999). limited research tools pre-

cluded any investigation of competition between symhionts
within the host. Even the use of a combination of allozyme
and random amplified polymorphic DNA analyses in mon-

itoring the progress of giant clams inoculated with different

isolates only highlighted the limitation of these techniques

in detecting taxonomic differences between Symbiodinium
taxa (Belda-Baillie et al., 1999). The present study has

shown that DGGE of the variable regions of the small-

subunit ribosomal gene (or other suitable genetic markers;

see also LaJeunesse and Trench. 2000) is an appropriate tool

for such studies. Although only DNA fragments up to 500

bp can be separated (Muyzer et ai, 1996), the technique is

sufficient to identify the DGGE band and should simplify

investigations of many important aspects of host-symbiont

interactions on coral reefs.
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Abstract. The goal of the research presented here was to

examine phenotypic plasticity exhibited by three morpho-

types of the common Caribbean sponge Anthosigmella vari-

ant (Duchassaing & Michelotti). We were interested in

examining the biotic (and. to a lesser extent, abiotic) factors

responsible for branch production in this species. We also

tested the hypothesis that the skeleton may serve an anti-

predator function in this sponge, focusing on vertebrate fish

predators (i.e., angelfish) in this work. In transplant and

caging experiments, unprotected forma vnriunx replicates

were immediately consumed by angelfish. while caged rep-

licates persisted on the reef for several months. These find-

ings support the hypothesis that predators (and not wave

energy) restrict forma viiriunx to lagoonal habitats. Branch

production was not observed in A. varians forma incnixtanx

when sponges were protected from predators or placed in

predator-free, low-wave-energy environments. It is not clear

from our work whether forma iiu-rustans is capable of

producing branches (i.e., whether branch production is a

plastic trait in this morph). Additional tield experiments

demonstrated that A. varians forma varianx increased spi-

cule concentrations, compared to uninjured sponges, in re-

sponse to artificial predation events, and A. varianx forma

rigida reduced spicule concentrations, compared to uncaged

controls, when protected from predators. These findings

indicate that spicule concentration is a plastic morphologi-

cal trait that can be induced by damage, and that A. variunx

may be able to reduce spicule concentrations when envi-

ronmental conditions change (e.g.. in the absence of pred-

ators). The potential significance of inducible defenses and
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structural anti-predator defenses in sponges is discussed in

relation to recent work on sponge chemical defenses.

Introduction

Morphological antipredator defenses, whether constitu-

tive or induced, are common and effective strategies for

marine organisms with hard body coverings (Harvell, 1984;

Lively, 1986; Vermeij. 19X7; Trussell. 1996). For soft-

bodied marine organisms (e.g., seaweeds and many inver-

tebrates). morphological options to defend against predation

are typically limited. Because of this, marine ecologists

have focused attention over the past two decades on chem-

ical defensive strategies adopted by organisms that appear

physically vulnerable to attack. For example, our under-

standing of general principles of chemical ecology has

increased greatly because of detailed work done with sea-

weed chemical defenses (e.g., Fenical, 1982, 1997;

Faulkner, 1984. 1998; Hay and Fenical, 1988; Schnitzler et

a!., 2001).

Chemical ecologists have successfully extended this

work to marine invertebrates, and studies have demon-

strated the defensive importance of secondary metabolites

in several invertebrate taxa (e.g., Bakus, 1981; Coll and

Samarco, 1988: Duffy and Paul, 1992; Paul. 1992; Pawlik et

nl.. 1995). Much of this work has focused on coral reefs,

where predation rates are typically high (Bakus, 1964, 1966;

Huston, 1985). Among coral reel invertebrates, sponges

have received a great deal of recent attention because these

common soft-bodied organisms have impressive capabili-

ties tor producing secondary metabolites (see review in

Pawlik. 1997). It seems clear that chemical defenses in

sponges have been an extremely common and successful

evolutionary strategy for dealing with high rates of preda-

tion found on coral reefs. For instance, Pawlik et at. ( 1995)
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found that out of 71 species examined. 44 sponges had

deterrent effects on the non-spongivorous fish Thulussontu

hifusciutnni. Although the focus has been on vertebrate

predators, invertebrates are also important sponge predators

(Guida. 1976; Pawlik. 1983). and Waddell and Pawlik

(2()()0a. b) recently demonstrated that crude extracts from

several species of Caribbean sponge deterred predation by
two species of sea star and the hermit crab Pagnrisics

punticeps.

It should be noted that neither T. hijusciutuin nor /-*.

punticeps is known to consume sponges in the wild (Pawlik

ct ul.. 1995: Waddell and Pawlik. 2()()()a). Determining
whether chemicals have deterrent properties is technically

difficult, but it is clear that tests should be performed with

organisms that consume sponges, because chemical de-

fenses are not equally effective against all consumers (e.g..

Pennings el ul., 1994; Cronin ct ul.. 1997; Ridenhour ct ul.,

1999). For example, the specialized fish predator Chuetodon

iiiclunimtiis feeds on octocorals that can produce highly

toxic compounds (Alino et ul., 1992). Indeed. C. niclunno-

tus uses the "toxic" compounds produced by its octocoral

prey as a cue when locating prey (Alino ct ul.. 1992). In

feeding assays, these compounds would probably be

avoided by generalist predators like T. hifusciutnni. thus

providing misleading ecological information about chemi-

cal defense in octocorals if results are extrapolated to all

potential predators. Whether the most conspicuous and

abundant spongivores primarily angelfish (Randall and

Hartman, 1968; Hourigan et ul.. 1989; Wulff. 1994: Hill.

1998) are affected by crude extracts from sponges remains

an important unanswered question.

In their classic study of spongivorous fish, Randall and

Hartman (1968) proposed that sponges use spicules, nox-

ious chemicals, and tough fibrous components in defense

against predation. Despite the shaip. needlelike structure of

many spicules and the relative indigestibility of spongin.

these two traits have recently been described as serving little

or no antipredator function in Caribbean sponges (Pawlik et

ul.. 1995: Chanas and Pawlik, 1995. 1996: Waddell and

Pawlik. 200()a. b). The data supporting these claims are

based on several feeding assays in which consumers are

presented with spicules or slices of freeze-dried skeleton

embedded in a squid-carrageenan matrix (e.g., Chanas and

Pawlik, 1996). However, much of the defensive functional-

ity of the skeleton may be destroyed when spicules lose

their natural orientation, or when strips of skeleton are

disconnected from the supporting skeletal matrix.

Although Pawlik and colleagues have dismissed any an-

tipredator role for the sponge skeleton (Chanas and Pawlik.

1996; Waddell and Pawlik. 2000a. b). structural compo-
nents have been shown to serve defensive roles in other

soft-bodied reef invertebrates capable of chemical defense

(e.g., Harvell and Fenical, 1989). West (1997, 1998)

showed that sclerite production was induced in response to

simulated predator damage in the common gorgonian coral

Briureuw ushi'stinnni. Furthermore, B. usbcstiniim is able to

modulate spicule morphology depending on the context or

position of simulated attacks (West. 1997). It is not clear

whether a similar situation exists in sponges. However,
several testable predictions follow from the hypothesis that

skeletal structures serve defensive purposes in sponges.
Common reef sponges that are chemically undefended (e.g.,

Anthosigmella vuriuns. Mycule lucvis, and Niphutes ercctu

[Pawlik et ul.. I995|) and experience low rates of predation

would be predicted to have skeletal structures that deter

spongivores. Although Chanas and Pawlik (1995. 1996)

found that the skeleton of some sponges was not a deterrent

to T. bifasciutiiin. optimally foraging spongivores may have

a different response. Another prediction (based on the as-

sumption that the modification or elaboration of skeletal

structures is an energetically expensive process (e.g.,

Palumbi. 1984, 1986)) is that a positive correlation should

exist between sponge spicule or spongin concentrations, and

predator presence or attack frequency. In this study, we
tested the prediction that skeletal structures respond plasti-

cally to predation in the tropical sponge Anthosigwellu

vuriuns (Duchassaing & Michelotti). focusing on the effects

of angelfish, a major group of spongivores (Randall and

Hartman, 1968).

Furthermore, we examined some of the factors responsi-

ble for branch production in A. vuriuns. Anthosigmella
vuriuns is a common sponge that exhibits discontinuous

morphological variation on Caribbean reefs (Fig. 1; see also

Wiedenmayer, 1977: Vicente, 1978; Hill, 1999). Many of

the major distinguishing morphological characteristics are

detailed in Table 1. Wiedenmayer (1977) separated the

encrusting morph (A. vuriuns forma incrnstuns) from the

amorphous, irregularly lobate. branching form (A. variant

torma vuriuns). Forma incrustans is conspicuous on fore-

and back-reefs and can cover large areas of reef substrate

(Table 1; Vicente, 1978: Hill. 1999). Forma vciriuns is

typically found in shallow, lagoonal areas; it covers smaller

patches of substrate, but some branches can extend up to 40

cm into the water column. Hill (1999) reported a third

morph (A. vuriuns forma rigida) that produced forma vuri-

<.y-like branches but had a stiff skeletal construction.

Forma rigidu and forma incriistuns occur sympatrically on

shallow reefs, whereas forma vuriunx is found only in areas

without predators (Table 1). Hill (1999) proposed that the

thick cortex found in forma rigida was a response to. and

defense against, sponge predators. Vicente (1978) hypoth-

esized that forma vuriuns was restricted to shallow, lagoonal

environments because it is incapable of tolerating habitats

with high wave energy. In previous work with A. vuriuns.

we found that sponges with spongin-fortified skeletons co-

existed with predators, but sponges with low levels of

spongin were restricted to predator-free habitats (Hill.

1999).
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We had two major goals with the research reported here.

The first was to test whether the A. \-arians skeleton re-

sponds to predation in the direction predicted it' structural

components serve a defensive function. The second goal

was to test Vicente's (197X) hypothesis that A.

forma viiriiiiix is restricted to low-wave-energy environ-

ments (e.g.. lagoons, bays) because their branches would be

destroyed on the open reef.

Materials and Methods

Using a combination of transplantation and caging, An-

thosigmelhi ruruins forma vtiriims individuals were placed
on Alligator reef in the Florida Keys (2451'N; 8037'W) at

a deptli of 10 m. The first aim of this experiment was to

determine whether forma mi-inn* could exist in branching
form in the presence of spongivores. The second aim was to

test Vicente's (1978) hypothesis that forma vuritins is un-

able to persist on the open reef in an environment with

relatively high wave energy. The Alligator site was chosen

because it has substantial angelfish populations, and be-

cause it faces the open ocean, thus experiencing greater

water motion (waves and currents) than the Florida Bay.

We cut 5-cm-long branches from 40 different sponges

growing in waters adjacent to Long Key (2450'N;

8049'W). We made every effort to collect sponges that

were separated from one another by at least 15 m to mini-

mize the possibility of collecting genetically identical indi-

viduals. These e.xplants were attached, upright, to 8 X 8 X

0.5 cm CaCO, blocks with monofilament, and were grown
for about 90 days in Buttonwood Sound at a depth of 1 m
near the Key Largo Marine Research Laboratory (KLMRL),

Key Largo, Florida. Once sponges had covered a large

portion of the block (=75% of available surface area) and

demonstrated signs of boring (calcareous chips on the

sponge surface), we placed the 40 blocks on the reef in an

area frequented by spongivores. A suite of predators con-

sume sponges, but the major vertebrate spongivores on

Caribbean reefs are angelfish (Randall and Hartman, 1968;

Hourigan ct til.. 1989: Wulff, 1994). Blue, queen, gray, and

trench angelfish were observed at the Alligator site (Hill

1999). and our experiments were located within a gray

angelfish territory.

Blocks were attached with flagging tape to wooden

planks anchored to the substratum, and cages (/;
= 20) were

placed over half of the blocks. The other 20 replicates were

exposed to predators. Exclosures were made of plastic cag-

ina material (Vexar) with a mesh size of 5 cm (see Fie. 2).

Figure 1. Anlliosi^mcllii mrinn.t. (Top) A. niriiint, forma incrusum.\ is

located on Caribbean fore reefs. It assumes an encrusting morphology and

bores into calcium carbonate structures. This individual is growing over a

colony of Mimttistrcii cavcrnosa. and the debris on the surface of the

sponge is evidence of boring. (Middle) A. rarians forma varians is found

in shallow, lagoonal habitats. It produces sinuous branches that can exceed

40cm in height. (Bottom).4. ni;-/<i.s forma ;-/.i;;</i; produces forma vtiriiiiis-

like branches from a mounding base and has a thick cortex that produces

a rigid skeleton, ll is sympatnc with forma incrttstans.
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Table 1

Same major morphological and ecological differences observed itnmnx the three Anthosigmella van,ins /Hoc/i/ion/-: s in ihe I'lmuhi AVv.v

89

Character



90 M. S. HILL AND A. L. HILL

Figure 2. Experinienla] setups in ihe hold. The material used to create these exclosures (Vexar) was used

in all caging experiments. (Al The gray angelhsh shown in this picture immediately began to consume exposed

sponges after replicates were placed on the reef, and almost all pretransplant height was lost in the first week.

The gray angelfish was one of a pair that had a territory in this area. Other angelfish (freneh, blue, and queen)

and a Hawksbill turtle were seen in this area during the experiment. (B) An cxclosure placed over a particularly

large forma //)< ni\ttin\ individual. Cages were effective at keeping predators out, but in replicates where the cage

did not cover the entire sponge, hsh could still bite exposed parts of the sponge (see marks outside of cage on

lower riL'hl)

simulate wounds from a (ceding event: another 30 sponges

were left uninjured. Random regions along the length of

the sponge branch were clipped each day, and different

regions were injured between clippings. Although our sim-

ulated predation events differed qualitatively from natural

angelfish bites, our objective was to determine whether

A. Yiiriiinx was capable of modifying spicule concentrations

after injury. At the end of the experiment, the entire branch

from each replicate was frozen and transported to the lab-

oratory for spicule analysis. For spicule concentration

measurements, sections of known volume were taken from

areas that appeared to have been injured for replicates in the

artificial predation treatment, and from randomly chosen

areas in the control replicates. Averages were compared
as described above. The a priori reason for predicting

increased spicule concentrations in the artificial predation

treatment (and hence our use of one-tailed t tests) was

based on work by Palumhi (I486) showing that spicule

density and tissue stiffness and strength were positively

correlated.
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Results

Predator exclusion and wave energv

Transplanting Anthosigniella varians forma varians onto

the reef produced dramatic results. A suite of spongivores

was attracted to transplanted forma vuriiins. and uncaged

replicates were consumed rapidly (attacks began within 5

min; Fig. 2a). Angelfish removed virtually all above-sub-

stratum sponge tissue within the first week. Even though

predators were quickly identified as a powerful selective

force, we were interested in determining whether trans-

planted forma varians would adopt the morphology typical

of forma incrustans. They did not, and some sponges (n =

4) increased height (i.e., put energy into upward growth as

opposed to encrustation) during the experiment. After sev-

eral visits during the first week of the experiment, we visited

the site about every 30 days to clean cages and monitor

growth. This included visits before and after the passage of

Tropical Storm Gordon (1994). The storm was responsible

for the loss of one experimental unit containing several

replicates (our buoy was attached to this structure), but

appeared to have no effect on the replicates that remained

(Fig. 3a). Other replicates were lost when the flagging tape

failed to hold blocks to the wooden panels (these losses

were not caused by the storm). At the end of this experi-

ment, survivorship was high in the caged treatment, but was

less than half in the uncaged treatment (Fig. 3b). Individuals

exposed to predators (i.e.. uncaged) lost all pretransplanta-

tion height (largely within the first week of the experiment),

and this was significantly different from the caged treatment

(t = 7.98. d.f. = 14, P < 0.001 ). As can be seen in Figure

3b, the only survivors from the uncaged treatment were

found within calcareous blocks (A. varians is a bioeroder).

Forma rigiUa had significantly lower spicule concentra-

tions in the predator-exclusion treatment compared to the

uncaged control (/
== 1.96; d.f. = 8, P < 0.05: Fig. 4).

Individuals from the uncaged control had spicule concen-

trations that were statistically indistinguishable from those

at the beginning of the experiment (Hill, 1999). Further-

more, we noticed gross morphological changes (e.g., adop-
tion of an encrusting morph and a spongier texture) in

replicates from the caged treatment.

Two cages in the experiment involving forma incrustans

could not be located midway through the experiment, but

none of the 1 1 remaining caged forma incrustans individ-

uals produced branches over the 450 days of monitoring.

Judging from the dissolution of plaster-of-paris clods, ex-

closures apparently had no significant effect on water flow

compared to uncaged controls (t
=- 1.4; d.f. == 16; P ;

0.15). It was clear that spongivores were prevented from

biting the caged portion of the sponge since evidence of

predation was only observed on uncaged portions of the

sponge (Fig. 2b). In addition, none of the 8 transplanted

forma incrustans individuals produced branches when

placed in Florida Bay. Individuals transplanted into the bay
lost zooxanthellar symbionts within 12 days, but recovered

normal pigmentation when placed in the shade (Hill and

Wilcox. 1998). This had no effect on survivorship since

individuals persisted for another 8 months until a pulse of

fresh water during the winter killed all replicates (W. Fitt,

Key Largo Marine Research Laboratory, pers. comm.).

A rtificial predation

During the artificial predation experiment involving

forma varians, clipping resulted in significant increases in

spicule concentrations compared to unmolested controls

(/
= 2.14; d.f. = 36; P < 0.05; Fig. 4). Injured areas were

noticeably white (presumably because of increased spongin

concentrations), and could be clearly demarcated from un-

injured tissue. Twenty-two replicates were destroyed by
snorkelers (10 from the undipped treatment) and were not

included in the analysis.

Discussion

The purpose of this research was to explore environmen-

tal factors that may be responsible for some of the observed

morphological variablity in Anthosigmella rarians. Trans-

plant and caging experiments involving forma varians dem-

onstrated that this morph is highly vulnerable to fish preda-

tion (Fig. 2a). When the uncaged replicates were placed on

the reef, angelfish immediately began consuming them, and

the exposed sponges lost all of their pretransplant height

within the first week of the experiment (Fig. 3). Pawlik

(1998) also found that forma varians was consumed by a

suite of spongivores when transplanted to the reef. Even in

the presence of predators, however, forma varians was

capable of surviving for several months by boring into

limestone blocks, but these sponges suffered higher mortal-

ity than the replicates in the caged treatment (Fig. 3b). The

fact that forma vahans can persist in an unmodified form on

the open reef when protected from predators refutes Vi-

cente's (1978) hypothesis that wave energy is responsible

for the discontinuous distribution of forma incrustans and

forma rarians. The transplanted sponges were exposed to

tropical-storm-strength wave action, yet four of the caged

replicates gained height during the course of the experiment,

suggesting favorable environmental conditions for growth.

This experiment, and Pawlik's (I9M8) data, indicates that

predators, and not wave energy, are the primary selective

agent restricting forma varians to shallow, lagoonal habi-

tats.

Branch production was not observed in experiments with

forma incrustans. Excluding predators in situ had no effect

on morphology, nor did transplanting forma incrustans into

Florida Bay. There are at least three explanations tor the

lack of phenotypic change observed in experiments involv-

ing this morphotype. First, encrustation may be a fixed (i.e..
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A - Caged Uncaged

Final Height (cm)
4.12 (0.29) 0.05 (0.42)

91%
Survivorship

45%
Figure 3. Data trom transplant and caging experiments involving Anllinxixiin'lUi mriun.\ forma mriuiis. (A)

Side view of caged (on lelt) and uncaged replicates. Average final heights ( SE) were significantly different

(I
= 7.48. d.f. = 14. P (i(K)l ) heiween caged (n =

1 1) and uncaged (n
=

5) treatments. Uncaged replicates

lost all of their pretransplant height, while two of the caged replicates gained in height over the course of the

experiment. (B) Large Jrllerences in the survivorship of sponges from the two treatments were recorded.

Although surviving caged sponges dell) were clearly visible, surviving sponges exposed to predation were

visible only when the block they had attached to was broken open. Two halves ol .1 block trom an uncaged

replicate (separated by a black plastic divider) are shown on the right. The inset slums the block before it was

broken in half, and oscular openings can he seen on the surface (arrows). The spaces visible within the block on

the nghl were created by horing activities ol forma vuriiin\.

developmental ly canali/.ed) trait. Second, in many ol the

eaged replicates, it was impossible to place exclosures over

the entire sponge: thus, portions of the sponge were exposed
to predators. There may he enough integration within an

individual sponge to communicate predation in one part of

the body to other parts of the sponge. Finally, it is possible

that not enough time had elapsed to allow phenotypic mod-

ulation. If encrustation is a response to a stressful environ-

ment (wave energy and predation intensity are both higher

on the reef), then it is predicted that an organism will delay

expression of a vulnerable trait, provided that it is plastic,

long after the threat from a stress is gone (Palumbi. 1984;
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Although the importance of chemical defense in sponges

should not be underestimated, there are several reasons to

continue to look for evidence of morphological defense in

sponges. First, 3 1

c
/'c of Caribbean sponges that have been

examined to date are chemically undefended (Pawlik et nl..

1995). Many of these sponges are abundant on reefs but are

not common items in the diets of spongivores (Randall and

Hartman, 1968). Furthermore, according to Randall and

Mailman's (1968) rankings, five of the top seven sponges

most commonly eaten by tish belong to the category des-

ignated as unpalatable by Pawlik ct at. (1995), indicating

that the defenses Pawlik and colleagues identified are not

very effective against spongivores. Anecdotal evidence also

indicates that skeletal structures may protect sponges from

predation. During one dive, we observed more than five

angelttsh (gray, trench, and blue) rapidly consuming the

interior portions of a damaged Gi'inliu iic/iinni sponge (the

sponge appeared to have been bitten by a Hawksbill turtle).

It seems that G. /it'/"""' is normally capable offending off

fish predators given that Gcoilin spp. were rarely encoun-

tered in the stomach contents of spongivorous fish (Randall

and Hartman. 196S). It should be noted that although Gco-

iliu spp. apparently lack chemical defenses against fish

(Pawlik et til.. 1995). they have an impressive cortex that

might serve as a morphological defense. Anthosigmella

rariuns may also use the cortex to protect itself from pred-

ators because when A. \'tiritin\ forma riuiilii and forma

incrnstans are cut open, angeltish rapidly consume the choa-

noderm (Hill. 1999).

There is common agreement that sponges face strong

selective pressure from spongivores. Whether skeletal struc-

tures can serve as antipredator defenses remains an open

question. The defensive function of the sponge skeleton

deserves greater attention, and should be expanded to in-

clude the possibility of synergisms between structural and

chemical defenses, as has been demonstrated by Hay et al.

(1994) for seaweeds. In sponges, spicules may serve to

abrade digestive surfaces, thus facilitating the intake of

sponge-derived secondary compounds. In addition, spicules

may increase handling time of food items, thus influencing

optimal foraging behaviors of spongivores. Additional field

experiments directed at identifying costs associated with the

A. yttrium; cortex, and determining the potential effective-

ness of the cortex as an antipredator defense, are necessary.

,4. vi/n'ci/i.v clearly provides a unique combination of traits to

explore the adaptive significance of phenotypic variation,

and may provide insights into general evolutionary re-

sponses on coral reefs.
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Cover

The heart of adult decapod crustaceans contracts

rhythmically, but the beat is driven exclusively by

rhythmic barrages of action potentials produced by
the cardiac ganglion. This ganglion, located on the

inside of the dorsal wall of the heart, tires autono-

mously, and its activity continues even when it has

been isolated from the myocardium and pinned out

in a dish; in contrast, a heart with its ganglion
removed is quiescent. The cardiac ganglion in most

decapod crustaceans is a small network, composed
of only nine neurons; it has been studied intensively

for the past 50 years as a model neural pacemaker
and pattern generator. In this issue of The Biologi-

cal Bulletin (p. 108), Ian M. Cooke (University of

Hawaii) reviews the structure, function, and exper-
imental utility of the crustacean cardiac ganglion.

The images on the cover illustrate morphological
and physiological aspects of the cardiac ganglion of

the blue crab, Callinectes sapidus. Three large mo-

tor neurons in the anterior portion of the ganglion
were filled with neurobiotin and labeled with rho-

damine 600 avidin. Further, immunohistochemistry
with a primary antiserum raised to tyrosine hydroxy-
lase revealed a pair of fibers (green) that branch and

have varicose terminations in the region of the

motor neurons. These fibers are one of two pairs of

axons that carry excitatory impulses from the cen-

tral nervous system to the cardiac ganglion. The

tyrosine hydroxylase-like immunoreactivity indi-

cates that the fibers are catecholaminergic and prob-

ably contain dopamine.

The cover also illustrates rhythmic bursts of action

potentials recorded intracellularly from one of the

large anterior motor neurons (top record; yellow),

and extracellularly from a motor nerve to the heart

(top record; blue). One of these bursts (framed in

green) is expanded in the bottom records, which

show that the impulses recorded intracellularly

from any of the five motor neurons correspond

exactly to those recorded extracellularly from the

nerve. Thus the activity of these motor neurons is

precisely synchronized. [Calibration bars: upper
records = : 16 mV (intracellular recording), 2.5 s;

lower (expanded) records == 10 mV, 400 ms.]

The cover illustration was prepared by Timothy J.

Fort, Institute of Neurobiology. University of Puerto

Rico. The experiments of T. J. Foil and M. W. Miller

are mentioned in this issue in the review by I. M.

Cooke (see pp. I I I and 125. and Fig. 7E).
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Egg Energetics for the Facultative Planktotroph

Clypeaster rosaceus (Echinodermata:

Echinoidea), Revisited

BENJAMIN G. MINER*. JONATHAN D. COWART, AND LARRY R. McEDWARDf

Department of Zoology, University of Florida, Gainesville, FL 3261 1

The sand dollar Clypeaster rosaceus has an unusual

reproductive strategy known as facultative planktotrophy.

The egg energy previously reported by Emlet (]) for C.

rosaceus is low, and because it is used to estimate values of

an important parameter in marine invertebrate life-history

models (s), we remeasured the egg energy content. Our

measurement of egg energy content was approximately

2-fold greater than Emlet's (0.11 0.014 SD joules (J)

egg'' vs. 0.047 0.007 SD J egg'') with no difference in

egg diameter (274 4.38 SD juw vs. 280 7.67 SD pin).

This result is unlikely to be due to temporal or spatial

variation among populations of C. rosaceus. Given tin-

improved technique used to measure egg energy content, an

egg energy density (J ml I
) more consistent with other

observations, and the improved fit ofegg size vs. egg energy

regressionsfor echinoderm planktotrophs, we conclude that

our estimate is more accurate. In addition, we detected

small annual variation (10%) in egg energy content be-

t\veen females sampled during 2000 and 2001 .

Facultative planktotrophy is intermediate between the

two common types of echinoid larval development: plank-

totrophy and lecithotrophy (1). Planktotrophic larvae de-

velop from small, energy-poor eggs and require exogenous
food to complete development and metamorphosis. In con-

trast, lecithotrophic larvae develop from large, energy-rich

eggs and can complete development without feeding. Al-

though rare, facultative planktotrophs such as Clypeaster

rosaceus may represent an important transition in the evo-

lution of marine invertebrate life-history strategies (2, 3).

Models of the evolution of larval strategies in marine

Received 15 October 2001; accepted 4 February 2002.
* To whom correspondence should be addressed. E-mail: miner

zoo.ufl.edu

t Deceased.

invertebrates characterize reproductive strategies in terms of

the level of egg provisioning (,v) (4). These models evaluate

the trade-off between fecundity and mortality as a function

of i, and assume that selection acts on this character. It is

therefore important to estimate values of s for numerous

species to compare the natural distribution of s with model

results. An informative method for calculating values of 5

requires comparing egg energy content against a reference

species that is near the boundary between planktotrophy and

lecithotrophy (5). Clypeaster rosaceus has a level of egg

provisioning close to, though greater than, the minimum

necessary for lecithotrophic development ( 1 ) and can there-

fore be used as a reference species to calculate values of s.

Emlet ( 1 ) reported the eggs of C. rosaceus to be 280

7.67 SD ju,m in diameter and to contain 0.020 0.003 SD

joules of energy per egg (J egg'
1

). This value of egg energy

is low, relative to egg size, compared to other species of

planktotrophic echinoderms C. rosaceus has the lowest

estimated egg energy density (1.79 J ml" 1

) of all echinoid

species for which there are data (minimum value = 2.41 J

ml" 1

; mean = 6.10 J ml" 1

; maximum = 11.71 J ml" 1

).

Additionally, the egg of the echinoid Encope michelini is

smaller than that of C. rosaceus (175 /am vs. 280 jim), but

its energy content is greater (6) (0.046 J egg"
1

vs. 0.020 J

egg"
1

). Yet E. michelini is an obligate planktotroph (7).

Considering the importance of C. rosaceus in estimating

values of s in marine invertebrate life-history models, it is

important to verify the published estimate of egg energy (1).

The egg energy content we estimated for C. rosaceus

ranged from 0.104 to 0.120 J egg"
'

in 2000 and from 0.076

to 0.120 J egg"
1

in 2001, with a mean for all eight females

of 0.11 0.014 SD J egg^
1

(Table 1). This mean value

(0. 1 1 J egg"
'

) is much greater than that previously reported

(1) (0.020 0.003 SD J egg"
1

). However, it has been

brought to our attention that improper units were published

97
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in Emlet ( 1 ). The correct units are actually micrograms of

carbon (R. B. Emlet. pers. comm.). not micrograms of

organic matter as originally reported. Therefore, the actual

egg energy measured by Emlet was 0.047 0.007 SD J

egg"
1

. Despite this error, our egg energy measurement is

still approximately 2-fold greater than the previous one,

with no difference in egg size (274 4.38 SD /urn and

280 7.67 SD jam). There are two possible explanations

for this discrepancy: geographical and temporal differences

in egg energy content among populations, or inaccurate

measurements of egg energy content.

This study used adult C. rosaceus from a different pop-

ulation and different years than Emlet ( 1 ); the Florida Keys

(east Caribbean) in 2000 and 2001, and Panama (west

Caribbean) in 1983, respectively. Although we sampled

different populations, no other studies comparing intraspe-

cific variation in egg energy content report differences as

great as the discrepancy between Emlet's measurements and

ours (8-10). Additionally, equivalent (>2-fold) interspe-

cific variation in egg energy content is correlated with large

increases in egg size (11-17). Furthermore, we detected

only a small temporal difference in egg energy between

2000 and 2001 (0.1 10 0.006 SD J egg"' and 0.098

0.016 SD J egg"
1

).

We used improved methods, directly counting a small

number of eggs for each replicate (exactly 20 eggs) and

measuring egg energy content for 5 females in 2000 and 3

females in 2001. Also, our value of egg energy density for

C. rosaceus (9.8 J ml"') is within the range of other

planktotrophic species of echinoids, and improves McEd-

ward and Morgan's (17) regression of egg size vs. egg

energy (Fig. 1 ). We conclude that the value of 0.1 1 J egg
"

'

should be used to estimate parameters for future models,

and for re-examinine existing models (2. 3).

Table I

Mean diameter, volume, anil energy of eggs from /Jiv (2000} and three

{2001} females of Clypeaster rosaceus.

0.120
y = 8.95x - 0.0049

R2 = 0.88

Year
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Twin Meiosis 2 Spindles Form After Suppression
of Polar Body 1 Formation in Oocytes
of the Marine Shrimp Sicyonia ingentis

PHILIP L. HERTZLER

Department of Biology, Central Michigan University, 100 W. Preston Rd.,

Mt. Pleasant, Michigan 48859

The production of triploid shellfish has proven beneficial

to the aquaculture industry since triploid organisms have

reduced gonadal development, resulting in improved prod-

uct quality and growth characteristics (I). Triploidization

has been achieved for several molluscan species (2, 3, 4, 5,

6). In contrast, little is known about the effects of ploidy

manipulation in decapod crustaceans. Triploidy has been

induced in Penaeus chinensis and oilier penaeid shrimp

using heat shock or cold shock, cytochalasin B. and 6-di-

metlniaminopurine (7. 8, 9, 10. 11). Triploidy was induced

b\ suppression of polar body 2 in the shrimp Litopenaeus

vannemei using cold shock, but resulted in poor sunival for

unknown reasons (11). One difficultv ofploidv manipulation

in L. vannemei is the rapid sequence ofmeiotic events, since

the polar bodies are produced at 8 and 15 inin post-

spawning at 28C (12). In addition, the actual behavior of

chromosomes and spindles was not addressed. Here I report

that in the penaeoidean shrimp Sicyonia ingentis. inhibition

of polar body 2 resulted in embryos that failed to undergo

embryonic cleavage, while inhibition of polar body 1 pro-

duced oocytes with "twin
"
meiosis 2 spindles followed by

the simultaneous formation of t\vo "second" polar bodies.

I performed a dose response study to determine the min-

imum level of cytochalasin D (CD) needed to inhibit cyto-

kinesis in zygotes of Sicyonia ingentis. Embryonic cleavage

was sensitive to CD concentrations of 0. 1 p.M or greater,

and could be completely inhibited at 0.5-0.8 fxM (Fig. 1).

Inhibition of polar body formation required at least 1 IJ.M

CD, but percent inhibition of polar bodies was difficult to

Received 8 November 2001; accepted 5 February 2002.

E-mail: Philip.L.Henzler@cmich.edu

Abbreviations: CD. cytochalasin D; DMSO. dimethyl sulfoxide; FBI.

polar body I; PB2. polar body 2; PS. post-spawning.

judge, since they could only be seen if present along the

edge of the egg. One hundred percent suppression of polar

bodies did not occur, so a qualitative judgement of inhibi-

tion was made if few were observed relative to controls. In

later experiments, qualitative evidence of first polar body

(PB1 ) suppression was provided if eggs were observed with

two second polar bodies (PB2). No inhibition of cleavage or

polar body formation was seen in controls that received no

treatment or treatment with the carrier dimethyl sulfoxide

(DMSO) only.

Oocytes of S. ingentis are spawned at metaphase of

meiosis 1. At 21C, PB1 forms at 30-35 min post-spawning

(PS), the hatching envelope forms at 40-45 min PS, PB2

formation occurs at 50-55 min PS, and first cleavage occurs

about 90 min PS (13, 14). Thus, after meiotic maturation,

PB1 lies outside of the hatching envelope while PB2 lies

within it (see Fig. 2E). PB2 formation was inhibited by

treatment of oocytes with 1 jjiM CD from 40-55 min PS.

after formation of PB 1 . In No Treatment and DMSO con-

trols, eggs extruded both polar bodies, formed hatching

envelopes, and went through normal cleavage (Fig. 2A). In

the 40-55 min CD treatment, PB1 formed but not PB2,

hatching envelopes elevated about 15 min later than the

control groups, and cleavage was completely inhibited (Fig.

2B). Cleared regions of cytoplasm were observed within

these eggs. When control-group embryos were stained using

Sytox green, nuclei were present in the blastomeres (Fig.

2C). In the CD-treatment group, the uncleaved embryo
contained many nuclei (Fig. 2D), indicating that the CD
treatment from 40-55 min PS did not prevent microtubule-

based chromosome segregation. Based on the data from two

trials, a comparison of the No Treatment controls with the

DMSO controls during PB2 suppression showed no signif-

icant difference in percent cleavage, indicating that the
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Figure 2. Effects of cytochalasin D (CD) treatments. For inhibition of polar body 2 (PB2) formation, eggs

were transferred at 40 min post-spawning (PS) to 1 /n/W (0.5 mg/1) CD in artificial seawater containing 50 ;uM

3-amino-1.2.4-triazole (ATA-ASW). to facilitate removal of the hatching envelope for staining (17). At 55 min

PS, eggs were washed 4 times with 0.1% DMSO in ATA-ASW. For suppression of polar body 1 (FBI)

formation, eggs were transferred at 15 min PS to 1 juA/CD in ATA-ASW. At 35 min PS, CD-treated eggs were

washed 4 times with 0.1% DMSO in ATA-ASW. Control groups (0.1% DMSO carrier control and No Treatment

control) were subjected to identical physical manipulations as CD-treated eggs. CD-treated eggs and control

groups were fixed with 4% paraformaldehyde in ASW and examined by phase-contrast microscopy. Other

samples were fixed in 90% methanol/50 mA/ EGTA. pH 8.0. and stained with /3-tubulin monoclonal antibody

E7 as described previously ( 14). Nuclei and chromosomes were stained with Sytox green (Molecular Probes,

Inc.) for confocal microscopy. (A) DMSO control from 40-55 min PS, dark-field image of embryos at the

16-cell stage, 3-h PS. (B) CD treatment from 40-55 min PS. dark-field image of embryos at 3-h PS. Arrows

indicate cleared regions of cytoplasm. (C) DMSO control from 40-55 min PS. embryo at 3-h PS, stained with

Sylox green. The image is a composite of optical slices through one-half of the embryo. (D) CD treatment from

40-55 min PS, embryo at 3-h PS. stained with Sytox green. The image is a composite of optical slices through

the entire embryo. (E) Phase-contrast image of DMSO control from 15-4(1 min PS, egg at 60 min PS. Note the

positions of PBI and PB2 (arrowheads) relative to the hatching envelope. (F) Phase-contrast image of CD
treatment from 15-40 min PS, egg at 60 min PS. Two "second" polar bodies (arrowheads) have formed beneath

the hatching envelope. (G) Confocal fluorescence image of "twin" meiosis 2 spindles in PB I -suppressed egg,

revealed by anti-/3-tubulin immunofluorescence. (H) Composite of optical sections of PBI -suppressed egg,

stained with Sytox green. A single male pronucleus (m) and two female pronuclei (f) are present. Scale bars =

100 fim in A-F and H. and 20 /mm in G.

some function, pronuclear formation, pronuclear migration,

and embryonic mitoses and cytokinesis seem to occur nor-

mally following PB I suppression. Further work is needed to

determine if these embryos develop to the nauplius larval

stage and if they are indeed triploid. The diploid number of

S. iiii'i'iitis is known to be 64 ( 10), so ploidy analysis could

be performed to answer this question.

Why does PBI suppression in S. iiixentis allow embry-
onic cleavage while PB2 suppression does not? The time of

exposure to CD was less for PB2 suppression than for PB 1

suppression, and the number of washes was the same, yet

cleavage was blocked. The difference may be due to the

presence of the hatching envelope during the treatment time

for PB2 suppression. The hatching envelope formed more

slowly in CD-treated eggs, suggesting that the vesicle se-

cretion needed for this process requires microfilaments.

Perhaps the newly formed hatching envelope also retards

the loss of CD during the washing steps, creating a higher

concentration of CD within the microenvironment of the

perivitelline space and thereby inhibiting embryonic cleav-

age.

The results show that paired meiosis 2 spindles form

following PBI suppression in penaeoidean shrimp, and nor-

mal meiotic spindle function follows, so that triploid induc-

tion may be possible by this method. Polar body extrusion

occurs rapidly in tropical shrimp species; for example, in L
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vannainei. the polar bodies form at 8 and 15 min PS. Triploidy

induction may be more feasible in cold-water penaeoidean

species such as S. ingentis, where the events of meiotic mat-

uration occur more slowly (at 35 and 45 min), allowing time

for CD treatment and wash steps. The technique may also be

possible in warm-water species if performed at the minimum

temperature for successful development.
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Evolution of Cannabinoid Receptors in Vertebrates:

Identification of a CB2 Gene in the Puffer Fish

Fugu rubripes

MAURICE R. ELPHICK

School of Biological Sciences, Queen Man; University of London, London El 4NS, UK

&. -tetrahydrocannabinol, the psychoactive ingredient of

cannabis, exerts effects in humans by binding to the G-

protein-coupled cannabinoid receptors CB/ andCB2, which

are expressed in the nen'ous and immune svstetns, respec-

tivel\. Genes encoding CB
, receptors have also been dis-

covered in non-mammalian vertebrates, including the puffer

fish Fugu rubripes. Here the identification of a Fugu gene
that encodes an ortholog of mammalian CB: receptors is

reported. This is the first C6-. gene to be identified in a

non-mammalian vertebrate, and it indicates that the gene

duplication event that gave rise to CB/ and CB: receptors

occurred before the divergence of teleosts and tetrapods.

Moreover, non-mammalian vertebrate species can now be

considered as potential model svstems in which the physi-

ological roles of the CB-, receptor can be investigated.

Following the discovery of cannabinoid receptors in

mammals (1, 2, 3), endogenous ligands for these receptors

("endocannabinoids") have also been identified; these li-

gands include arachidonylethanolamide ("anandamide")

and 2-arachidonylglycerol (2-AG) (4. 5, 6). Endocannabi-

noids mediate retrograde signaling at synapses in the brain

by diffusing from postsynaptic sites of synthesis to act on

presynaptic CB, receptors, which results in an inhibition of

"classical" neurotransmitter release (7, 8, 9, 10, 11. 12). The

physiological roles of CB 2 are less well understood than

those of CB,, although analysis of CBrknockout mice indi-

cates that the CB 2 receptor mediates immunomodulatory
actions of cannabinoids in mammals (13). The emergence of

a cannabinoid signaling system has aroused interest in the

physiological roles of endocannabinoids and in the potential

of cannabinoids to be therapeutic agents in humans (14).
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With the discovery of endocannabinoid signaling mech-

anisms in mammals, the evolution of cannabinoid receptors

has become of interest because non-mammalian species

provide important models for analysis of gene function.

Orthologs of mammalian CB, and CB 2 genes do not, how-

ever, appear to be present in protostomian invertebrate

species, such as Drosophila melanogaster and Caenorhab-

ditis elegans, for which complete genome sequences are

known (see ref. 7). Thus these cannabinoid receptor genes

may have evolved in the deuterostomian, chordate, or ver-

tebrate clades of the animal kingdom. To date, orthologs of

mammalian CB, or CB^ receptors have also not been iden-

tified in any invertebrate deuterostomes (e.g.. cephalochor-

dates, urochordates, hemichordates. and echinoderms); but

complete genome sequences have not yet been obtained for

species representative of these phyla. CB,-type genes have,

however, been identified in several vertebrate species, in-

cluding a bird (15), an amphibian (16), and the puffer fish

Fugu rubripes, which has two CB rlike genes (FCB, A ,

FCB 1B ) (17). These discoveries indicate that the CB,-type
cannabinoid receptor can be traced back at least as far as the

common ancestor of teleosts (bony fish) and tetrapod ver-

tebrates (amphibians, reptiles, birds, and mammals). In con-

trast, CB,-type receptor genes have so far been identified

only in mammalian species. Yamaguchi et til. (17) at-

tempted to clone a CB 2-type gene in Fugu rubripes, using a

probe for human CB;, (HCB2), but reported that "hybrid-

ization with HCB2 failed to identify a Fugu homologue."

With the recent announcement that 99% of the genome of

Fugu rubripes has been sequenced (Nature, 414, 1 Novem-

ber 2001 , page 8; see also ref. 18). it has become possible to

search again for a CB,-type gene in this species using

techniques for genome sequence analysis.

To search the Fugu genome for a CB^ gene, the Basic

Local Alignment Search Tool (BLAST; 19) was employed.
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Fugu CB2 - -MYKVFLCRVS 10
Human CB2 --MEECWVT 7
Mouse CB2 -- MEGCRET 7

Fugu CB1B MKLALHRIAGATMAALTTEVOYLGSNDASYEDPQADAALMKSRFNFEKPYSAS--SSLHRLIPGNKELr , ; 'ILPTNAS 80
Fugu CBIA MKSVLDGVADTTFRTITSGLQYLGSNDANYDDPLNDAAFKTGFSLQK-PLSAFRSNSFPNKVPADEEL: ITNST so

Taricha CB1 MKSILDGLADTTFRTITTDLLYMGSNDVQYEDTKGEMASKLGYFPQKLPLSSFRRDHSPDKMTIGDDNLLSFYPL-DQFNVT 81
Z-finch CB1 MKSILDGLADTTFRTITTDLLYVGSNDIQYEDMKGDMASKLGYYPQKFPLSSFRGDPFQEKMTGGDDSLLSIIPS-EQVNIT 81
Human CB1 MKSILDGLADTTFRTITTDLLYVGSNDIQYEDIKGDMASKLGYFPQKFPLTSFRGSPFQEKMTAGDNPQL- -VPA-DQVNIT 79

Rat CB1 MKSILDGLADTTFRTITTDLLYVGSNDIQYEDIKGDMASKLGYFPQKFPLTSFRGSPFQEKMTAGDNSPL--VPAGDTTNIT 80
Mouse CB1 MKSILDGLADTTFRTITTDLLYVGSNDIQYEDIKGDMASKLGYFPQKFPLTSFRGSPFQEKMTAGDNSPL--VPAGDTTNIT 80

Cat CB1 MKSILDGLADTTFRTITTDLLYVGSNDIQYEDIKGDMASKLGYFPQKFPLTSFRGSPFQEKMTAGDNSQL--VrA-DQVNIT 79

Fugu CB2 AKMCSFTDN RSCKN--LG CFMVLVEAEKKAIGTICLLAGPITLMENAIVLGVIASTATLRKRPSYLFIGSLA 80
Human CB2 EIANGSKDG-- - -LDSNP- -MK- - -DYMILSGPQKTAVAVLCTLLGLLSALENVAVLYLILSSHQLRRKPSYLFIGSLA 77
Mouse CB2 EVTNGSNGG-- --LEFNP--MK EYMILSSGQQIAVAVLCTLMGLLSALENMAVLYI ILSSRRLRRKPSYLFISSLA 77

Fugu CB1B DFPLSNGSG-- - -EATQCGEDIVDNMECFM1LTPAQQLVIVILAITLGTFTVLENFWLCVILHSHTLRSRPSYHFIGSLA 157
Fugu CBIA DLFGNRNTTRDEN--SIQCGENFMD-MECFMILTPSQQLAVAVLSLTLGTFTVLENLWLCVIFQSRTLRCRPSYHFIGSLA 159

Taricha CB1 EFFNRSVSTFKENDDNLKCGENFMD-MECFMILTASQQLIIAVLSLTLGTFTVLENFLVLCVILQSRTLRCRPSYHFIGSLA 162
Z-finch CB1 EFYNKSLSTFKDNEENIQCGENFMD-MECFMILNPSQQLAIAVLSLTLGTFTVLENLLVLCVILHSRSLRCRPSYHFIGSLA 162
Human CB1 EFYNKSLSSFKENEENIQCGENFMD- IECFMVLNPSQQLAIAVLSLTLGTFTVLENLLVLCVILHSRSLRCRPSYHFIGSLA 160

Rat CB1 EFYNKSLSSFKENEENIQCGENFMD-MECFMILNPSQQLAIAVLSLTLGTFTVLENLLVLCVILHSRSLRCRPSYHFIGSLA 161
Mouse CB1 EFYNKSLSSFKENEDNIQCGENFMD-MECFMILNPSQQLAIAVLSLTLGTFTVLENLLVLCVILHSRSLRCRPSYHFIGSLA 161

Cat CB1 EFYNKSLSSYKENEENIQCGENFMD-MECFMILNPSQQLAIAVLSLTLGTFTVLENLLVLCVILHSRSLRCRPSYHFIGSLA 160

Fugu CB2 LADVFASCFFTTSFLDFHLFRRSDSATAYLFKLGGVTMAFSSSVGSLLLTALDRYLCIYQASSYKVLLTRRRALLSLLILWL 162
Human CB2 GADFLASWFACSFVNFHVFHGVDSKAVFLLKIGSVTMTFTASVGSLLLTAIDRYLCLRYPPSYKALLTRGRGLVTLGIMWV 159

Cat CB1 VADLLGSVIFVYSFVDFHVFHRKDSPNVFLFKLGGVTASFTASVGSLFLTAIDRYISIHRPLAYKKIVTRPKAWAFCLMWT 242

Fugu CB2 TTIFISFLPLMGWRCPTDLNPACSELFPYINPDYLACWTSFILVLLALILGAYALILWKAHRHEASMTS-- --FQGS 235
Human CB2 LSALVSYLPLMGWTCCPRP CSELFPLIPNDYLLSHLLFIAFLFSGIIYTYGHVLWKAHQHVASLSG- - --HQDR 229
Mouse CB2 LSALISYLPLMGWTCCPSP CSELFPLIPNDYLLGWLLFIAILFSGIIYTYGYVLWKAHRHVATLAE- - --HQDR 229
Fugu CB1B ISIEFSLLPLLGWNCKRLHS-VCSDIFPLIDEKYLMFWIGMTTVLLLFIIYAYMFILWKSHHHAVRMLSRSSQRSIIVYTSE 320

Fugu CBIA ISIIIAVLPLLGWNCKRLNS-VCSDIFPLIDENYLMFWIGVTSVLVLFIIYAYIYILWKAHHHAVRMLSRTSQKSLVVYSAE 322
Taricha CB1 IAIIIAVLPLLGWNCKKLKS-VCSDIFPLIDENYLMFWIGVTSILLLFIVYAYVYILWKAHSHAVRMLQRGTQKSIIIHTSE 325
Z-finch CB1 IAIVIAVLPLLGWNCKKLNS-VCSDIFPLIDETYLMFWIGVTSILLLFIVYAYMYILWKAHSHAVRMLQRGTQKSIIIQSTE 325
Human CB1 IAIVIAVLPLLGWNCEKLQS-VCSDIFPHIDETYLMFWIGVTSVLLLFIVYAYMYILWKAHSHAVRMIQRGTQKSIIIHTSE 323

Rat CB1 IAIVIAVLPLLGWNCKKLQS-VCSDIFPLIDETYLMFWIGVTSVLLLFIVYAYMYILWKAHSHAVRMIQRGTQKS11IHTSE 324
Mouse CB1 IAIVIAVLPLLGWNCKKLQS-VCSDIFPLIDETYLMFWIGVTSVLLLFIVYAYMYILWKAHSHAVRMIQRGTQKSIIIHTSE 324

Cat CB1 IAIVIAVLPLLGWNCKKLQS-VCSDIFPLIDETYLMFWIGVTSVLLLFIVYAYMYILWKAHIHAVRMIQRGTQKSIIIHTSE 323

Fugu CB2 VRTGHARMRMDIRLARTFGLILLILVGCWLPALSFMLADV-FRQLTPAQRKAFAFCSTLCLVNSAVNPLLYALRCREL 312
Human CB2 QVPGMARMRLDVRLAKTLGLVLAVLLICWFPVLALMAHSL-ATTLSDQVKKAFAFCSMLCLINSMVNPVIYALRSGEI 306
Mouse CB2 - - -QVPGIARMRLDVRLAKTLGLVLAVLLICWFPALALMGHSL-VTTLSDQVKEAFAFCSMLCLVNSMVNPI IYALRSGEI 306

Fugu CB1B GTKVQTVRPEQARMDLRLAKTLVLILVALIICWGPLLAIMVYDL-FGRVNDFIKTVFAFCSMLCLLNSTINPVIYAMRSKDL 401

Fugu CBIA GTKVQTTRPEQTRMDIRLAKTLVLILAVLVICWGPLLAIMVYDL-FWKMDDNIKTVFAFCSMLCLLNSTVNPIIYALRSRDL 403
Taricha CB1 DGKVQITRPEQTRMDIRLAKTLVLILWLIICWGPLLAIMVYDV-FGKMNNPIKTVFAFCSMLCLMDSTVNPIIYALRSQDL 406
Z-finch CB1 DGKVQITRPDQTRMDIRLAKTLVLILWLI ICWGPLLAIMVYDV- FGKMNKLIKTIFAFCSMLCLLNSTVNPI IYALRSKDL 406
Human CB1 DGKVQVTRPDOARMDIRLAKTLVLILWLIICWGPLLAIMVYDV-FGKMNKLIKTVFAFCSMLCLLNSTVNPIIYALRSKDL 404

Rat CB1 DGKVQVTRPDQARMDIRLAKTLVLILWL1ICWGPLLAIMVYDV-FGKMNKLIKTVFAFCSMLCLLNSTVNPIIYALRSKDL 405
Mouse CB1 DGKVQVTRPDQARMDIRLAKTLVLILWLIICWGPLLAIMVYDV-FGfCMNKLIKTVFAFCSMLCLLNSTVNPIIYALRSKDL 405

Cat CB1 DGKVQVTRPDQARMDIRLAKTLVLILWLIICWGPLLAIMVYDV-FGKMNKLIKTVFAFCSMLCLLNSTVNPIIYALRSKDL 404

*

Fugu CB2 RLALLQLLAKLCDTGRCRPSSADLSPGFPSTEENT-TNPYLKDEVPGTRSIRLNSVSEI -VNNQQMNIG - 379
Human CB2 RSSAHHCLAHWKKCVRG- - - -LGS- -EAKEEAP-RSSVTETEADGKITPWPDSRDLD-LSDC- - - 360
Mouse CB2 RSAAQHCLIGWKKYLQG- - - -LGP- -EGKEEGP-RSSVTETEADVKTT - 347

Fugu CB1B RRAFVNICHMCRGTTQSLDSSA-ESDWNSRSVRSTGGRAGKDRSVGGKPQVKVAQVTVSGVTASSPAEAV-- - 470

Fugu CBIA RHAFLSSCHACRGSAQQLDNSL-ESDCQNRNVN ISANRAAESCVKTTVKIAKVTMS- VSTETSAEAV- - - 468
Taricha CB1 RHAFLEQCPPCEGTSQPLDNSM-ESDCQHRHGNNA-GNVHRAAENCIKSTVKIAKVTMS-VSTETSGEAV- - - 473
Z-finch CB1 RHAFRSMFPTCEGTAQPLDNSM-ESDCQHKHANNA-G^rvHRAAESCIKSTVKIAKVTMS-VSTDTTAEAL-- - 473
Human CB1 RHAFRSMFPSCEGTAQPLDNSMGDSDCLHKHANNA-ASVHRAAESCIKSTVKIAKVTMS-VSTDTSAEAL- - - 472

Rat CB1 RHAFRSMFPSCEGTAQPLDNSMGDSDCLHKHANNT-ASMHRAAESCIKSTVKIAKVTMS-VSTDTSAEAL-- - 473
Mouse CB1 RHAFRSMFPSCEGTAQPLDNSMGDSDCLHKHANNT-ASMHRAAESCIKSTVKIAKVTMS-VSTDTSAEAL-- - 473

Cat CB1 RHAFRSMFPSCEGTAQPLDNSMGDSDCLHKHANNT-ANVHRAAENCIKNTVQIAKVTIS-VSTNTSAKAL-- - 472

Figure 1. Alignment of the predicted amino-acid sequence of the Fugii CB 2 receptor vvuh other cannabinoid

receptors including human CB 2 (3), mouse CB, (23), Fugu CB, B ( 17). Fugu CB, A ( 17), newt Furicha granulosa

CB, (16), zebra finch (z-finch) Taeniupyxiu ftiiruiiu CB, (15). human CB, (24). rat CB, (2), mouse CB, (25).

and cat CB, (D. Gebremedhin el id., unpubl.; accession number AAB53440). The sequences were aligned using

ClustalX (1.8) multiple alignment program (20). The symbol
* indicates the positions of residues that are

identical in all of the sequences; the symbols: and . indicate the positions of strongly and weakly conserved

residues, respectively.
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using the Fngu BLAST server at http://fugu.hgmp.mrc.

ac.uk/blast/. With the human CB, receptor protein sequence

as the search query, three clones were identified (TO 12234.

T017853, and T002576) that shared 49%. 45%, and 43%
amino-acid identity with human CB,, respectively, with

corresponding BLAST E-values of 4e-78, 6e-78, and le-67.

Further analysis of TO 17853 and T002576 revealed that

these contained the DNA sequences of the previously dis-

covered Fugu CB IA and CB IB genes, respectively (17).

Having eliminated these CB,-type genes, the sequence of

TO 12234 was examined in more detail. BLAST analysis of

the putative cannabinoid receptor-encoding region of

TO 12234 using the BLAST server at http://www.ncbi.nlm.

nih.gov/BLAST/ (nr database) revealed that this sequence

displayed more similarity with the human CB, receptor

(50% amino-acid identity) than with the human CB, recep-

tor (47% amino-acid identity). This suggested that clone

TO 12234 may contain the sequence of a Fugu CB, gene. To

determine the complete sequence of the protein-encoding

region of the putative CB, gene, the DNA sequence of

TO 12234 was translated in all three possible frames for both

the forward ( + ) and reverse (-) strands using the transeq

program at http://www.ebi.ac.uk/emboss/transeq/. This re-

vealed that the putative Fugu CB 2 gene was in the 2 frame

of clone TO 12234 and enabled identification of the probable

positions of the 5' start codon and the 3' stop codon. Based

on this analysis, the putative Fugu CB,-like receptor protein

has a predicted length of 379 amino-acid residues, which is

within the range for CB 2 receptors in mammals (e.g.,

mouse, 347; human, 360; rat, 410). To establish whether the

Fngu CB 2-like protein is an ortholog of mammalian CB,

receptors, it was aligned with human CB 2 , mouse CB,, and

CB
: receptor sequences from several vertebrate species

including Fugii (CB, A and CB, B ), the amphibian Taricha

granulosa, the zebra finch Tneniopvgici guttutu, human, rat,

mouse, and cat (Fig. 1) using the ClustalX multiple align-

ment program (20). Phylogenetic trees of the aligned se-

quences were then constructed using the neighbor-joining

method (21); human lysophospholipid receptors were used

as an outgroup because these receptors are more closely

related to cannabinoid receptors than other G-protein-cou-

pled receptors in mammals (see ref. 7). Trees were con-

structed using the unedited aligned sequences (Fig. 2)

or using truncated sequences lacking the N-terminal and

C-terminal regions, where there is sequence divergence (not

shown). The branching structure of the two trees was iden-

tical, with bootstrap values of 980-1000 for all of the major

branches. Analysis of the tree shown in Figure 2 reveals that

cannabinoid receptors fall into two distinct clades, a CB,
clade and a CB 2 clade; and. importantly, the Fugu CB 2 -like

sequence is positioned in the CB, clade. indicating orthol-

ogy to mammalian CB, receptors.

Based on the data available (99% of the Fugu genome

sequence), only one CB 2-type gene occurs in the Fugu

FuguCB,

- human CB,

- mouse CB.,

FuguCB1B

-FuguCB1A

Taricha CB,

TaeniopygiaCB,

human CB,

rat CB,

L mouse CB,

catCB,

human LP
A1

human LP,-

human IP
B ,

human LPR1

Figure - Phylogenetic tree of CB,-type and CB,-type cannahinoid

receptors with human lysophospholipid receptors as an outgroup (LPA ,,

LPA: , LP B |.
LPB ,). The tree was constructed using the neighbor-joining

method (21 ) with bootstrapping ( 1000 bootstrap trials) and then viewed in

NJ Plot. The tree shows that the Fngu CB,-like receptor forms a clade with

human CB, and mouse CB, and is therefore an ortholog of mammalian

CB, receptors.

genome. This is of interest because in Fugu and in other

teleosts there often are two orthologs for each single-copy

gene in mammals (22). For example. Fugu contains two

CB, genes (CB, A and CB IB ) whereas mammalian genomes
contain only one. The existence of two genes in teleosts for

each single-copy gene in mammals is thought to reflect a

genome duplication that occurred in the ancestor of teleost

fish 300 to 450 million years ago (22). Presumably, how-

ever, the duplicates of some genes have subsequently been

lost, and this probably explains the existence of only one

CB, gene in Fugu. Whether other teleosts such as the

zebrarish Danio rerio have the same number and distribu-

tion of CB, and CB, genes remains to be determined, but to

date neither CB, nor CB, genes have been sequenced in

Danio. With the ongoing sequencing of the Danio genome.
a comprehensive search will probably be practical soon.

The CB, gene in Fngu is the first CB, gene to be

identified in a non-mammalian species. The discovery of

this gene indicates that the gene duplication event that gave

rise to CB, and CB 2 receptors occurred before teleosts and

tetrapods diverged from a common ancestor. Thus, CB 2
-

type cannabinoid receptors, like CB, receptors, are likely to

be also present in non-mammalian tetrapod vertebrates (am-

phibians, reptiles, birds). Non-mammalian vertebrate spe-

cies may provide useful model systems with which to ex-

plore the physiological roles of the CB, receptor. In

particular, because the CB, receptor appears to be princi-

pally involved in immunoregulation in mammals, it may
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have a related role in the more "primitive" immune systems

of fish and other non-mammalian vertebrates.
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Reliable, Responsive Pacemaking and Pattern

Generation With Minimal Cell Numbers:
the Crustacean Cardiac Ganglion

IAN M. COOKE

DC/HI rtiiu-nt of Zoology and Bekesy Laboratory of Neurobiology, University of Hawaii,

1W3 East-West Road. Honolulu. Hawaii 96822

Abstract. Investigations of the electrophysiology of crus-

tacean cardiac ganglia over the last half-century are re-

viewed for their contributions to elucidating the cellular

mechanisms and interactions by which a small (as few as

nine cells) neuronal network accomplishes extremely reli-

able, rhythmical, patterned activation of muscular activ-

ity in this case, beating of the neurogenic heart. This

ganglion is thus a model for pacemaking and central pattern

generation. Favorable anatomy has permitted voltage- and

space-clamp analyses of voltage-dependent ionic currents

that endow each neuron with the intrinsic ability to respond
with rhythmical, patterned impulse activity to nonpatterned

stimulation. The crustacean soma and initial axon segment
do not support impulse generation but integrate input from

stretch-sensitive dendrites and electrotonic and chemically

mediated synapses on axonal processes in neuropils. The

soma and initial axon produce a depolarization-activated,

calcium-mediated, sustained potential, the "driver poten-

tial," so-called because it drives a train of impulses at the

"trigger zone" of the axon. Extreme reliability results from

redundancy and the electrotonic coupling and synaptic in-

teraction among all the neurons. Complex modulation by
central nervous system inputs and by neurohormones to

adjust heart pumping to physiological demands has long

been demonstrated, but much remains to be learned about

the cellular and molecular mechanisms of action. The con-

tinuing relevance of the crustacean cardiac ganglion as a

relatively simple model for pacemaking and central pattern

generation is confirmed by the rapidly widening documcn-
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E-mail: ian@pbrc.hawaii.edu.

.\hhiv\-iiiiiniix: CG. cardiac ganglion; DP, driver potential; PO. pericar-

dia! oi'jan

tation of intrinsic potentials such as plateau potentials in

neurons of all major animal groups. The suite of ionic

currents (a slowly inactivating calcium current and various

potassium currents, with variations) observed for the crus-

tacean cardiac ganglion have been implicated in or proven
to underlie a majority of the intrinsic potentials of neurons

involved in pattern generation.

A Physiologically Responsive, Reliable Heart

Pacemaker and Muscle Activator Built

From Nine Neurons

The crustacean cardiac ganglion (CG) is composed of

from 6 to 16 neurons, 9 in most decapods, that autono-

mously provide rhythmically recurring barrages of action

potentials to activate the heart muscle. In Malacostraca. the

heart is neurogenic and in adults dependent for its beating

on the impulses from the ganglion. The CG. consisting of

the neurons and their processes, wrapped in glial and con-

nective tissue, forms an elongated, discrete branching trunk

in or on the heart. It can be dissected from the heart and will

continue to show spontaneous, rhythmical bursting. As an

accessible and robust in vitro preparation, the CG joins a list

of crustacean preparations that have provided insights into

fundamental neurophysiological mechanisms, in this case

the mechanisms by which small neuronal networks can

generate rhythmical, patterned output (reviews: Wiens,

1982; Marder and Calabrese. 1996). Possibly the most im-

portant contribution was the demonstration that individual

neurons are endowed with an intrinsic burst-organizing

mechanism that results in a patterned output to any appro-

priate excitatory drive, and the detailed analysis of the ionic

mechanisms involved. Further, the CG demonstrated that

interconnections among a small number of neurons with

108
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such a capability can ensure coordinated, patterned, rhyth-

mic, highly fault-tolerant output from the ensemble. Pat-

terned or bursting impulses are. of course, the essential

effective activator of responses of other neurons or muscles

or secretory cells. The recognition of patterning mecha-

nisms intrinsic to individual neurons has simplified the

analysis of neuronal network pattern generation, freeing it

from seeking reliance on properties emergent from a network.

This review seeks to provide a reader with an overview of

the studies on the CG in the context of crustacean heart

function, with emphasis on the electrophysiological studies

of the isolated CG. The ionic mechanisms observed have

proven broadly applicable to explaining intrinsic burst gen-

eration or pattern generation by neurons in both invertebrate

and vertebrate nervous systems (see further below). As early

investigators noted (Welsh and Maynard. 1951 ). the CG has

the essential properties of a brain: apparently autonomous

spontaneity and the ability to sense relevant environmental

changes (degree of heart filling, hormones) and integrate

them with intrinsic pattern-generating properties to provide

an appropriately adjusted motor output.

The unique suitability of the CG for analyzing cellular

mechanisms for pattern generation and rhythmicity derives

from particularities of crustacean neuronal functional anat-

omy, specifically the segregation of the major impulse-

generating mechanism (voltage-dependent Na
+

conduc-

tance) to axons so that the soma and initial axon segment are

not actively invaded by impulses ("spikes"). In the more

elongate CG of lobsters, the well-separated distribution of

the neuronal somata makes possible the physical separation

of the impulse-generating axon or axons from the more

subtle electrical responses of the non-impulse-generating

soma. initial axon segments, and associated collaterals. One

of these is a graded, regenerative, Ca2+ -mediated response

to depolarization, lasting 200 ms or longer, which provides

drive for generation of the burst of impulses by the axon and

hence is referred to as a driver potential (DP). As reviewed

below, the characteristics of DPs, which, in isolated CG, are

initiated in response to spontaneously occurring pacemaker

depolarization or to synaptic excitation, provide a basis for

interpreting many of the responses of intact hearts as well as

the isolated CG to both physiological and experimentally

imposed modulatory influences (see also Cooke. 1988,

2002).

Anatomy

Morphological obsen'citions

Alexandrowicz (1932) provided an anatomical descrip-

tion of the innervation of decapod hearts that was based on

vital methylene blue staining; this description has provided
a structural underpinning for many subsequent observations

of function (Fig. 1 ). Similar studies of the heart of stomato-

pods (1934) and of an isopod (1952) followed (see also

Suzuki. 1934). Alexandrouic/ described three neuronal el-

ements innervating decapod hearts: the intrinsic neurons

(cardiac ganglion); the extrinsic fibers one inhibitory and

two acceleratory axons arriving via three segmental
nerves on each side from thoracic ganglia (combined into

the dorsal nerves in decapods) to reach the heart and CG;
and nerves innervating the suspensory ligaments, ostia, and

arterial valves (Fig. IB, C, D). He called attention to the

neurogenic nature of the crustacean hearts, reporting the

immediate cessation of contractions after nerves between

the ganglion and muscle were cut. He also observed that the

most anterior extrinsic nerve pair in stomatopods was in-

hibitory and the sequentially more posterior two pairs were

excitatory, and correctly surmised that these have similar

roles in decapods (Wiersma and Novitski. 1942. crayfish;

Smith. 1947. crabs; Maynard. 1953, lobsters). Alexandro-

wicz provided important additional observations relevant to

regulation of crustacean hearts: the anatomical description

of the pericardia! organs (POs) of crabs and their macruran

homolog, the ligamental plexuses. These are neurohemal

structures that release neurohormones having cardioregulator

and other functions into hemolymph returning to the heart

(Alexandrowicz. 1953; Alexandrowicz and Carlisle. 1953).

Comparison of the circulatory systems across the orders

of Crustacea supports a consensus that evolution from a

pulsatile dorsal vessel toward a compact heart accompanies

more active lifestyles to provide for more efficient circu-

lation (Wilkens, 1999; for a comprehensive review, see

Maynard. 1960). In the primitive branchiopods (e.g., Du/>h-

nui sp., Triops longicaudatus), no neurons have been found

in or on the heart, and the heartbeat is thus myogenic

(Yamagishi et ai, 1997). In the CG of the stomatopod

Si/uillit (Alexandrowicz, 1934), 14 or 15 neurons are dis-

tributed along a ganglionic trunk that lies on the external

dorsal surface of the heart and can be as long as 8 cm. In

decapods, the CG lies on the inner dorsal wall of the heart

(Fig. 1 A, C). Although crayfish have 16 intrinsic neurons, in

most decapods examined the number has been reduced to 9.

There is a clear distinction in size and function. The most

posterior four neurons are smaller and, having axonal ter-

minations within neuropil in the ganglionic trunk, are there-

fore interneurons. The more anterior ri\e neurons are larger

and. because they provide axons that leave the ganglion to

innervate heart muscle fiber- motorneurons (Fig. IB.

E). Each of the neurons ha^ << nic or collateral processes

extending out of the ic trunk to ramify onto nearby

muscle fibers that are e to stretch. In lobsters the

somata are wideh along a linear (e.g., Panulinis.

Fig. 1C) or Y-sha; rd (e.g., Honiants, Fig. 1A) ganglionic

trunk spanning nearly a centimeter in a 0.5-kg animal; in

crabs of edible size the neurons are usually compacted into

anterior and posterior clusters separated by several millime-

ters of aantilionic trunk (Fies. IE. 8D).
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Electrophysiological anatomy

One of the first conclusions to come from electrophysi-

ological recording from lobster CG (Welsh and Maynard,

1951; Maynard, 1955; see also Matsui. 1955) was that not

only the rhythmicity but also the pattern of impulses within

the bursts of activity is extraordinarily stable (Figs. 2C, E;

6A, B; 9E, F). In Homams americuniis, for example, output

of isolated CG consists of a 200- to 300-ms burst of tightly

grouped efferent impulses that recur spontaneously at rates

similar to observed heartbeat rates (50-60/min for lob-

sters). Further confirmation of the consistency of burst pat-

terning came with analysis of the patterning by Hartline

( 1967), who used an array of five or more pairs of extra-

cellular electrodes placed along the trunk and major nerves

of the Homams ganglion to identify each impulse with its

axon by mapping the site of impulse initiation and its

conduction route (Fig. 2A, B, D). It was clear that a partic-

ular one of the posterior cells (usually 8 or 7. numbering

cells from anterior to posterior) consistently fired first in a

burst, and that the firing of large cells commenced with the

arrival of the first small-cell impulse, propagated along its

anterior-traveling axon, at neuropil in which synapses on

large-cell collateral processes occur. Thus the most poste-

rior large cell (5) fired first, followed successively by more-

anterior cells. The sites of impulse initiation observed in

such studies confirmed conclusions reached from intracel-

lular recording from the large cells (early work reviewed by

Hagiwara, 1961) that impulses do not invade the somata,

but rather are initiated at a site that can be more than a

millimeter distant along the axon. Cells having more than

one axon for example. Cell 3 situated at the junction of the

Y in Homams initiate impulses in each axon indepen-

dently (Fig. 2D). As mentioned above, within each burst,

the patterning of impulses of each axon remains highly

constant, each unit showing repetitive firing (Fig. 2C). In

Homams. the first 3 to 4 impulses of large-cell axons occur

at high frequency (90-1 20/s) and then continue for 3 or

more at a slower rate ( 10 -20/s, Hartline. 1967); small-cell

axons fire as many as 15 impulses starting at rates of ~8()/s

and declining during the burst toward 20-30/s. A similar

analysis showing minor differences in detail from Homanis

is available for Pamdims interruptus (Friesen, 1975a, b).

Studies of functional anatomy in crab CG (Tazaki and

Cooke, 1979a, 1983a, in Portitmts sangiiinolentus; Fort and

Miller, 2001, in Callinectex sapidiis) show an important

variation on this organization, namely that large-cell axons,

rather than each firing in a consistent individual pattern

within each burst, show synchronization of their impulse

firing (Fig. 6A). Synchronization also occurs among the

rostral neurons of the Squilla ganglion (Watanabe and

Takeda, 1963).

Axons of the posterior four small cells in the lobster and

crab CG remain within the ganglionic trunk and provide

excitatory, chemically mediated synaptic input to the large

cells. This input initiates burst activity of the large cells, and

thus the small cells are considered pacemaker interneurons

or premotor neurons. The large-cell axons, while providing

synaptic input to each other and perhaps also to the small

cells, produce the bursts of motor impulses responsible for

heart muscle contraction. Synchronization of ganglionic

activity is not only mediated by synaptic drive, but the

general excitability of the network is shared among all of

the neurons by means of electrotonic coupling capable ot

passing slow changes in potential. Synaptic and electrotonic

interactions are discussed below.

Two further properties of the individual CG neurons are

also critical: each has stretch-sensitive dendrites ramifying

into heart muscle that account for the ability of intact hearts

to adjust heart rate and strength of beating to the degree of

filling of the heart; and each has the intrinsic ability to

produce a patterned burst of impulses in response to a

simple stimulus.

Figure 1. Anatomy of the crustacean cardiac ganglion. Anterior up. (A) Fresh dissection of a Honiara*

iiint'ncaniis cardiac ganglion exposed on the inner dorsal surface of the heart (length of held -1.3 cm); diagram

shows the approximate position of the nine intrinsic neurons (for nomenclature see Fig. 2D|. Extrinsic regulator

nerves (dorsal nerves) enter laterally just anterior to the most anterior neurons. (Cooke. 1962. fig. 1-1.) (B)

Cardiac ganglion (diagrammatic). Left, Homams: relations of the cell bodies, neuropils (N), and dendritic

arborizations (DA). Full course of axons is not shown. DM. dorsal nerve. Right. Paniilirnx: positions of cell bodies

and direction of major axons. Inset, Homams ganglion trunk in situ in heart. Length:width ratio much reduced

in all diagrams. (Maynard. 1955, fig. 1.) (C) Alexandrowicz' semi-diagrammatic representation of the nervous

system in the dorsal wall of the heart of Pa/inimis vulgaris. Tr gang, ganglionic trunk, with its nerve-cells; N

dors, dorsal nerve piercing the heart-wall; Os, ostium. Alexandrowicz' drawings compiled repetitive observa-

tions of fresh dissections during methylene blue vital staining. (Alexandrowicz, 1932. Text-fig. 1.) (D) Diagram

showing the course of the fibers of System I [inhibitors] of the dorsal nerves in Palinurus. Only one fiber on each

side is represented, b. fibers of unknown destination arising from fibers of System 1. (Alexandrowicz, 1932,

Text-fig. 19A.) See also Fig. 7F. (E) Diagram illustrating the course of the axons of three anterior cells ( left half)

and two posterior cells (right half) in Cancer paganis. In dotted line are drawn parts of the axons of posterior

cells. (Modified from Alexandrowicz, 1932. Text-figs. 8, 9.) (Figures in C, D, and E from Alexandrowicz. 1932,

are by permission of Company of Biologists, Ltd. )



I. M. COOKE

B
Control

SI
i II ll I I' ! I I

1



CRUSTACEAN CARDIAC GANGLION PHYSIOLOGY 113

An Intrinsic Burst-Forming Mechanism:

the Driver Potential

Possibly first discussed as an intriiiaic potential by Wa-

tanabe ( 1958) in lobster CG. and further described in studies

of the Si/uillii (stomatopod) CG ( Watanabe cr <//.. 1 967a. h).

driver potentials are relatively slow, sustained, regenerative

depolarizations that may arise from a gradual pacemaker

potential or be evoked by a depolarization, such as an

excitatory synaptic potential (or an applied depolarizing

stimulus) (Fig. 3). They provide the depolarizing drive for

initiating repetitive impulses at an axonal "trigger zone."

Because DPs arise in the soma and proximal axon or ax-

ons regions lacking impulse-generating conductances and,

particularly in lobster CG, physically well separated from

spiking axon they can be studied in relative isolation.

Their properties account for much of the collective behavior

of the network, including rhythmicity, reciprocity between

burst rate and duration, and phase resetting in response to

imposed extra stimuli.

Driver potentials arise in the non-spiking soma and

proximal axon

Direct evidence for the localization of DPs is provided by
simultaneous intracellular recording from a neuronal soma

and its axon at a distance of several millimeters (Fig. 3A):

the soma recording shows a sustained, slow depolarization

(i.e., the DP) with attenuated sharp deflections that are

synchronous with the overshooting impulses arising from a

Hat baseline recorded from the axon (Watanabe a <//.,

1967b, Sc/iiillci oratorio; Tazaki, 1970, Eriocheirjaponicus;

Tazaki, 1973, Piumlinis japonicus', Tazaki and Cooke,

1983a. Portunus sanguinolentus). The localization of DPs

to the soma and non-impulse-supporting initial axon was

also shown in Homanis by intracellular recording during or

after ligaturing at distances between 200 jam and more than

a millimeter from the soma (Tazaki and Cooke. 1983b) (Fig.

3B). For more distant ligatures, electrotonically decre-

mented impulses, as recorded from the soma, were super-

imposed on the DP, indicating that the ligatured segment
included an axonal trigger zone. It is worth noting that more

complex deflections, suggestive of synaptic potentials, were

sometimes present in recordings from ganglion segments
that include a single soma. This suggests the possibility that

the processes of other neurons present in such a segment can

contribute synaptic input. Any rapid deflections disappeared

with only minimal change in the form of the underlying DP
when tetrodotoxin (TTX) was added to the perfusing saline

(Tazaki, 197 la). Treatment of ganglia with TTX made it

possible to observe DPs in the absence of any impulse-

mediated activity by simultaneous intracellular recording in

up to three large cells (Tazaki and Cooke, 1979b, in Por-

tunus) (Fig. 3D. two cells). Stimulation with a depolarizing

current pulse in any one cell simultaneously initiated DPs in

all; the amplitudes and form differed slightly, but remained

characteristic in each cell, hence indicating that the DP

represented an active response of each neuron, but one that

was brought to threshold by the spread of the depolarizing

Figure 2. Electrophysiological anatomy; responses to localized neurohormone application. (A) The site of

origin of impulses, their route of propagation and recurrence are analyzed by simultaneous recordings from seven

pairs of electrodes (selected from 1 1, see B) placed on an isolated Homanis cardiac ganglion. Numbers identify

impulses of corresponding cell axons (3 = 3c) as indicated in D. X indicates site of impulse initiation; bar over

cell number indicates distally initiated impulse; brackets indicate uncertainty in identification or timing. The

lower records show the response to application at the position indicated by the arrow of a droplet (

-
1 y.\ ) under

the mineral oil of pericardial organ extract (XPO, POs from two Cancer borealis, 0.5 mg dry weight in I ml.

heated to 100C). (B) Photograph of a Homanis ganglion with electrodes positioned for extracellular recording

as in A. The ganglion is lifted out of saline into mineral oil for recording. (C) "Dot pattern" analysis of the

records. For each of eight bursts (four control; four experimental), including the two from A. firing times for each

unit are indicated as a horizontal line of dots. Beneath the first burst pattern for a unit, the succeeding three burst

patterns for that unit are positioned relative to the pacemaker impulse in Cell 8. Note the typical consistency in

firing pattern of a unit within the four bursts. The arrow indicates the change of firing position of the last stable

Cell 6 impulse during the response. The effect of the XPO application has been to increase the frequency and

number of impulses of Cell 6 selectively and to contract its firing pattern. (D) Diagram of locations, axon

courses, and locations of anatomical regions for the nine intrinsic neurons. Active axon (refer to key) is axon

carrying a regenerative impulse. The shaded portion between soma and trigger zone represents a region of

pharmacological sensitivity. Note that Cells 3 and 4 have more than one independent axon. Width of ganglion

exaggerated relative to length (total length about 1 cm in 0.5-kg animals). Inset: Designations given to locations

along the ganglion used in identifying electrode and drug placements. (E) Effect on impulse firing pattern of

application of XPO to the proximal axon of Cell 5. Axon 5 impulses brighten the oscilloscope beam, which is

triggered by the first impulse of each burst and swept horizontally while also being continuously slowly

displaced downward. Application was made after the seventh burst (arrow and electrical artifact). The average

firing frequency of Cell 5 was increased 38%, but coordinated by addition of impulse firing within bursts without

a change of burst rate (dot rows remain evenly spaced). (A, C, fig. 2; D, fig. 1; E. fig. 4 from Cooke and Hartline.

1975; by permission of Company of Biologists. Ltd. B. Cooke and Hartline. unpublished.)
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Figure 3. Localisation of the driver potential to the soma and proximal axon. (A) Spontaneous bursts of

spikes recorded simultaneously from two regions of a large neuron of the crab Eriocheirjaponkii*. Lett frame:

upper trace, axon; lower trace, soma; distance between them. 2.5 mm. Right frame: upper trace, soma; lower

trace, axon; distance. 0.3 mm. Calibration: 10 mV. 100 ms. Note lack of underlying depolarization in distal axon.

presence in axon near soma, attenuated impulses in soma. (Tazaki, 1970. fig. 1.) (B) Depolarization-evoked

responses of neurons ligatured at different distances ( Homtirus). Upper frame: intracellular recording from Cell

I ligatured 1.6 mm from the soma (a. below); response to u depolarizing current pulse passed through the

recording electrode evokes a driver potential on which are superimposed more rapid, small deflections,

interpreted as electronically decremented impulses of the axon and possible other elements present in the

ganglion segment. Resting potential. 54 mV. Lower frame: response recorded from Cell 1 ligatured 200 /jim

from the soma (b, below); a driver potential without superimposed deflections is observed. Calibration mark. 10

mV. 10 nA. Resting potential, -50 mV. Photomicrographs (reversed image) of the neurons after Lucifer yellow
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stimulus via pervasive electrotonic coupling among all neu-

rons of the ganglion.

The form of their driver potential shapes the pattern of

impulses of each neuron

Large cells. The DPs as recorded intracellularly from

large cells of crabs or lobsters show little difference in form

whether examined in TTX or after isolation of a soma by

ligaturing. If the neuron is relatively undamaged (as evi-

denced by high input resistance and a resting potential

-50 mV), depolarization to a threshold ( 45 mV)

initiates a regenerative response requiring 10 or more ms to

reach a maximum ~20 mV depolarized from resting poten-

tial (Fig. 3D). The depolarization shows a rounded peak

with a gradually declining shoulder, followed by a more

rapid repolarization that gives way to hyperpolarizing after-

potentials. These have a relatively rapidly decaying phase

lasting up to 1 s, followed by a slowly decaying phase

lasting tens of seconds. Although they are regenerative, DPs

are not all-or-none responses; rather their size is related to

the amplitude and rate of rise of the depolarizing stimulus.

More importantly, threshold and amplitude are related to the

rate of repetition: given a constant stimulus, threshold be-

comes lower and amplitude and duration become larger

with increasing time since the previous response. A maxi-

mal response requires a pause of more than 10 s. It will be

obvious that at typical heart rates of 50-60/min, DPs are

not at maximal amplitude but are evoked in a range over

which changes in heart rate will result in decreased or

increased amplitudes (Fig. 5 A). Possible cellular mecha-

nisms governing these relations are discussed below.

Small cells. An intracellular recording from a small cell,

simultaneously with a large cell, in a Portunus CG treated

with TTX (Tazaki and Cooke, 1983c) reveals clear differ-

ences in the form of DPs of large and small cells (Fig. 3C).

The DP in the small cell is lower in amplitude but has a long

(400 ms), sustained, slowly declining plateau. The initia-

tion of the small-cell DP by depolarizing current also causes

a DP in the anterior large cell; this has the larger but less

sustained form described above. The electrotonically spread

continuing plateau of the small-cell DP is apparent in the

large-cell recording. As mentioned previously, the bursts of

the small cells are longer and show a well-sustained fre-

quency of firing. Thus, the differing form of the DPs of

small and large cells accounts for the differing pattern of

impulses produced during bursts by the axons of small and

large cells (Fig. 6A).

The ability of slow potentials such as DPs to generate

trains of impulses from the axonal trigger zone implies that

the ionic mechanisms involved in impulse initiation are not

subject to rapid inactivation by depolarization. Intracellular

recordings from axons, as mentioned above, show typical

overshooting, all-or-none impulses with a rapid rise and fall.

When intracellular penetrations were attempted, damage to

the target neuron was often signaled by appearance in an

extracellular recording of repetitive firing not organized into

the coordinated bursting of the remaining cells of the gan-

glion, confirming the ability of axons to respond to sus-

tained depolarization with minimal adaptation.

Voltage-Clamp Analyses of Ionic Currents Giving Rise

to Driver Potentials

Characterization of four kinds of current in ligatured

somata

The characteristics and ionic conductances responsible

for DPs have been examined in most detail in the Homarus

CG (Tazaki and Cooke, 1983c. 1986, 1990), in which the

separation of the neurons permitted the isolation of ganglion

segments with a single large-cell soma by ligaturing the

ganglionic trunk. Studies with two-electrode voltage clamp-

ing show that DP characteristics involve the interplay be-

tween an inward Ca2 +
-mediated current (/Ca ) and three

outward K+
-mediated currents: a transient current (/A ), a

slowly-inactivating K+
current (IK ), and a Ca-dependent

K +
current (7KCa ) (Tazaki and Cooke, 1986, 1990). Space-

injection (glycerin-cleared whole mount photographed under dark-field UV illumination immediately after dye

injection: scales. 200 ^m). Ligature in a was just beyond stained end of axon: at arrow in b. Note fine processes

and a major axon collateral proximal to the ligature in a. (Modified from Tazaki and Cooke, 1983b, Figs. 6, 7;

by permission of Springer-Verlag CmbH & Co. KG.) (C) A driver potential response of a small cell in a Portium*

sanguinoleimis ganglion perfused with 3 x 10~
7M TTX and 50 mAf TEA. A depolarizing current pulse applied

through the recording electrode in the small cell evokes a driver potential in both the small cell (S) and anterior

Cell 1. The driver potential in cell I is followed by a low-amplitude potential representing the electrotonically

conducted, longer-duration response of the small cell. Resting potentials, -48 mV. (Tazaki and Cooke, 1983c,

fig. 8.) (D) Graded driver-potential responses. At the left, three superimposed sweeps show responses recorded

intracellularly from Cells 1 and 3 (and absence of responses in extracellular electrode, top trace, 3 x 10~
7MTTX

in perfusate). to different intensities of 20-ms depolarizing current pulses applied via a bridge in Cell 3. Lowest

trace is a current monitor. At the right. Cell 1 responses to the same current pulses recorded simultaneously on

the penwriter, current monitor below. Responses are graded with current intensity below a threshold; above the

threshold, responses are constant (not shown). Slow afterpotentials are observed only following above-threshold

responses. Resting potentials. -55 mV. (Tazaki and Cooke, 1979b, fig. 3.)
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TTX+Mn

100 msec

Figure 4. Voltage clamp analyses, of ligatured Homarus cardiac ganglion large cells. (A) Responses ot Cell

1 ligatured 200 ^m from the soma and penetrated with separate recording and current-passing electrodes (upper

traces, voltage: lower traces, current). Upper frames: responses to current clamps. Note the slowly increasing

response to hyperpolarizing current. Depolarizing current produces driver potentials; in TEA (50 mM] their peak

reaches mV (as recorded from response to a brief pulse, not shown), and their duration is increased. Driver

potentials are generated on cessation of hyperpolarizing current. Lower frames: membrane current responses

(superimposed oscilloscope sweeps) to voltage clamps from -50 mV to successively more depolarized

commands (left, 40 to -
15 mV; right, 10 mV). In normal saline, inward current is indicated by downward

notches, but outward currents dominate. A hyperpolarizing command (to 85 mV) indicates extent of leakage

current. In TEA, outward current is largely inhibited, revealing inward current having nearly maximal amplitude

but long latency at the smallest command. Resting potential, -50 mV. (B) Transient outward current I/A ) is

selectively inhibited by 4-aniinopyridine (4AP). leaving slowly inactivating outward current (/K ). Frames

showing superimposed membrane current responses to voltage clamps from different Vh (50 to 80 mV) to

mV in TTX (3 x 10~
7
M) and Mn (4 mM) (above) or in TTX, Mn. and 4AP (4 nW) (below). Note the

inhibition of the initial outward current peak in 4AP. Cell ligatured at 1.5 mm (resting potential. -45 mV).

(C) Effect of conditioning clamps on / v In each frame, eight sweeps are superimposed; for each, the

conditioning clamp remains on longer before evoking outward current by clamping to mV. Left frame: effect

of hyperpolarizing conditioning clamp from
I',,

= -50 to -SO mV. Rate and amount of /A augmentation

increase with increased hyperpolarization [not shown). Right frame: effect of subthreshold depolarizing condi-

tioning clamp from
I',,

= - 80 to -50 mV. The rate and magnitude of the decrease in /.x increase with increasing

depolarization (not shown). Rate of onset and decay of individual responses is not affected by subthreshold

potential changes. TTX (3 X 10~
7
M) present throughout; cell ligatured at 1 mm (resting potential, 15 mV).

(A, fig. 10, Ta/aki and Cooke, 1983c; B, tig. 8 (modified), C. fig.
c> (modified), Ta/aki and Cooke, 1986.)

clamp could be ensured in the Hoinunis ganglion by liga-

turing. Without detailing the evidence, a brief summary of

the conclusions from voltage-clamp analyses follows (see

also Figs. 4 and 5 and legends). The depolarizing current

that generates DPs arises from voltage-gated increased con-

ductance to Ca2+ and the resulting inward Ca2+ current

(/, ,) (Figs. 4A, 5B). The amplitude of the DP is determined

by the extent of Ca2+ channels available for activation. An

examination of the effect of the holding potential ( Vh ) of the

large-cell on the amplitude of /Ca shows a maximum for a

potential (60 mV) close to the most hyperpolarized value

observed during the afterpotential following a burst. Peak

current is reduced to half or less at more hyperpolarized Vh .

The amplitude of the DP is normally limited by the nearly
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for Na
+
and to other differences in the experimental con-

ditions.

The more rapidly decaying phase of the hyperpolarizing

afterpotential following a CG driver potential (Fig. 3D)

represents the deactivation of /K with repolarization, while

the slowly declining phase of the afterpotential probably

reflects the sequestering or extrusion of Ca2 +
to reduce 7KCa .

A refractory period for initiation of DPs is imposed by a

combination of the inactivation of 7Ca by intracellular accu-

mulation of Ca2+ as well as the increased K +
conductance

from the Ca2 +
-activation of 7KCa . When Na +

-mediated im-

pulses are present (in non-TTX-treated preparations), a hy-

perpolarizing current from activation of electrogenic ion

transport also contributes to the afterhyperpolarization (Liv-

engood and Kusano, 1972; Livengood. 1983). With time,

the threshold for response to a depolarizing stimulus de-

creases ( 1 ) due to progressive reduction of the ability to

activate transient K +
conductance (/A ) with decline of the

afterhyperpolarization or pacemaker depolarization (or

both); and (2) with progressing Ca2+ extrusion or seques-

tration, reduction of the 7KCa conductance and of the Ca2 +

mediated inactivation of /
C;]

due to previous activity (Fig.

5B).

Driver potentials and similar intrinsic patterning poten-

tials have proven to be a more labile response than gener-

ation of action potentials. This is easily explained by the

relatively smaller current densities involved and the closely

balanced interplay of conductances that govern their form.

In crustaceans, for example, /Ca observed under voltage-

clamping conditions can be inactivated by raised intracel-

lular Ca2 +
. Thus it is not surprising that crustacean DP

generation fails if neural damage causes Ca2+ entry from

the saline, decreases input resistance, depolarizes the cell

membrane (thereby increasing 7K ). and increases leakage

conductance. That DPs represent a delicate balance in the

interplay of inward and outward currents is confirmed by

observing the spontaneous initiation of DPs in previously

quiescent preparations and the augmentation of their ampli-

tude and duration after addition of TEA to inhibit /K (Tazaki

and Cooke, 1979c; Berlind, 1993) (see below for further

discussion of spontaneity).

Change* of DP amplitude and duration with repetition

nite are determined hy characteristics of ICa

Analysis of the pharmacologically isolated Ca2+ current

in ligatured somata suggests that its characteristics dominate

the determination of DP amplitude and duration during

repetitive activation. Figure 5 combines observations (from

Tazaki and Cooke, 1990) on DP amplitude vs. DP repetition

rate (A), and rates of recovery of 7Ca for the second of two

stimuli (B). These follow closely parallel time courses; the

slightly faster recovery of /Ca studied with a pair of pulses

is explained by a cumulative inactivation of /Ca that occurs

with repetitive activation. The role of intracellular Ca2 +

accumulation as the main agent of inactivation is evidenced

by the lack of inward current inactivation when Sr
2 +

sub-

stitutes for Ca2+ or the soma is injected with EGTA (Fig.

5B).

The accumulation of intracellular Ca2+ also activates

7KCa . This current is of small magnitude relative to /Ca and

/K , and it influences primarily the rate of repolarization after

a DP, or of a pacemaker depolarization during the equiva-

lent of interburst intervals (Tazaki and Cooke, 1986).

Rhythmicity of Cardiac Ganglion Electrical Activity

The importance for survival of the animal of a reliable,

rhythmic heartbeat cannot be exaggerated. The isolated

cardiac ganglion, as the pacemaker and activator of heart

contraction, has proven capable of sustaining robust, rhyth-

mical motorneuron bursting when challenged with a variety

of insults and perturbations.

Behavior of the cardiac ganglion as an oscillator

A number of studies demonstrate that small sustained

currents passed into a large CG soma can alter the coordi-

nated burst rate of the entire ganglion, while brief pulses of

hyperpolarizing or depolarizing current can reset the burst-

ing phase (Fig. 6A) (Watanabe and Bullock, 1960; Wa-

tanabe et al.. 1967b, in Si/uilUr, Tazaki, 1972, in Eriocheir,

Mayeri, 1973a, b, in Hoinams; Matsui et al., 1977. in

Pamtlints; Tazaki and Cooke, 1979a, and Benson, 1980. in

Portwnis). The coordinated response of the entire ganglion

to such perturbation of a single neuron is ensured by the

combination of electrotonic and probably reciprocal excita-

tory synaptic interactions among all the cells. The charac-

teristics of /Ca that determine the threshold and amplitude

were discussed above and help to explain the reciprocity

observed between burst rate (or interburst interval) and

duration.

Autonomous rhythmicity: stretch responsiveness and

pacemaker potentials

The basis of the spontaneity exhibited by isolated CG
preparations is considered in this section. A question arises

from the observation that an intact heart, if not still sus-

pended by its elastic ligaments or stretched by internal

perfusion. rapidly becomes quiescent. In situ, expansion and

tilling of the heart, mediated by the suspensory ligaments,

probably aided under some conditions by contraction of

alary muscles, stimulates heart contraction. The response to

stretch or rilling is undoubtedly mediated by the dendritic

and collateral processes of the CG cells that ramify on heart

muscle near the ganglion. Alexandrowicz (1932) pointed

out that the terminations of these processes differed from

the more peripheral neuromuscular junctions and noted their
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Figure 6. Spontaneous bursting characteristics. (A) Spontaneous bursting of the isolated Portunus sanguinolen-

tus ganglion recorded intracellularly from a small cell (S), from an anterior large cell (1), and extracellularly (see

inset). In the burst shown at expanded time-base (top), the correspondence between rapid depolarizations in the small

cell, a small impulse in the extracellular record and, following a delay, a synaptic potential in the large cell may be

observed. Very large spikes in the extracellular record (retouched) represent the synchronous firing of large cell axons

and are seen as decremented impulses in the large soma. Records below show A, spontaneous bursting; B. the effect

of passing depolarizing current (0.8 nA. upward bar) or c. hyperpolarizing current (0.8 nA via a bridge into the small

cell). In B, note the premature initiation of a driver potential and burst in the large cell after extensive synaptic driving

by the small cell, and the compensatory following delay and reduced burst durations. In c, note delay of the time of

bursting until cessation of the current, followed by immediate resumption of normal bursting form and rate. (Tazaki

and Cooke. 1979a. figs. 5B, 11.) (B) Spontaneous bursting in an isolated Homanis ganglion segment umluimng a

single large-cell soma. The trace is a penwriter record from Cell 3 isolated by three ligatures at distances nl ca. 1.5

mm from the soma (see diagram). The activity takes the form of pacemaker potentials giving rise u> dnvcr potentials

with superimposed impulses. The source of the small deflections on the pacemaker pok-m -J is undetermined.

Maximum hyperpolarization, -55 mV. (Tazaki and Cooke. 1983c. fig. 9.) (C) Spontaneous an
it)

ol Cell I isolated

from Carcinus maenas for 1 day in culture (resting Vm = -34 mV). Trace shows small dell . ,ons riding on top of

the driver potential that appear to be aborted spikes. (Saver et al. 1999, fig. 9A.)

responsiveness to stretch. For an isolated heart, the plots of

heart rate vs. perfusion pressure and the extent of contrac-

tion vs. perfusion pressure can be superimposed, and they

increase along a hyperbolic curve (Maynard, 1960; see

also Kuramoto and Ebara, 1984a, 1985). A possible role

of hypoxia in governing heart rate has been proposed
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(Wilkens, 1993). Although it is likely that stretch depolar-

izes the neuronal processes, as is well documented for

crustacean stretch receptors (e.g.. Eyzaguirre and Kuftler,

1955), direct recordings of CG neuron responses to stretch

of heart muscle appear not to have been obtained. In deca-

pod hearts opened ventrally to expose the CG (Fig. 1A),

contractions of the quiescent heart muscle can be elicited

by probing sites in which CG dendrites are embedded

(Alexandrowicz, 1932; Cooke. 1962; Hartline. 1967). Electro-

physiological monitoring of the CG confirmed the absence

of activity in the quiescent Homarus heart (Hartline. 1967).

The CG, after removal from the heart, exhibits the spon-

taneous, continuous, rhythmically recurring bursts of im-

pulse activity described above. Intracellular recordings from

the small, posterior neurons have consistently shown a

slowly depolarizing pacemaker potential that develops after

the post-burst hyperpolarization and leads to the initiation of

the next burst (Fig. 6A) (Tameyasu, 1976; Tazaki and

Cooke, 1979a, 1983c). In Homarus. a pacemaker potential

is not usually seen in undamaged large cells, the DP and

burst being initiated in them by synaptic driving mediated

by impulses of the small-cell axons.

The question raised by the contrast in behavior of un-

stretched hearts and isolated ganglia is whether stretch-

induced depolarization of dendrites and collateral processes

normally induces bursting activity of the ganglion, while in

isolated ganglia, the pacemaker potentials that functionally

replace this stretch response in fact represent an injury

current. It is possible that differences in the prominence of

pacemaker potentials in recordings from large cells, even in

the same species on the same equipment in the same labo-

ratory (e.g., Tazaki and Cooke, 1979a; Benson, 1980; Ber-

lind, 1982), represent differences in techniques of ganglion

isolation or of intracellular electrode penetration. During the

hyperpolarization following bursts and the interburst inter-

val, the gradual reduction in conductance to K '

or in

hyperpolarizing electrogenic active transport (Livengood
and Kusano, 1972; Livengood, 1983) can lead to net depo-

larization as the balance of currents unmasks an outward

injury or "leak" current mediated by nonspecific ionic con-

ductances. The greater prominence of pacemaker potentials

in small cells, and thus their role in initiating bursting, may
be related merely to their smaller size. Observations thus far

available provide no evidence for the participation of a

hyperpolarization-activated cationic current, such as /h , as-

sociated with pacemaker depolarization in several verte-

brate pattern-generating neurons (reviews: Kaupp and Seif-

ert. 2001; Santaro and Tibbs. 1999). Such a conductance

would be expected to cause "sag" in the voltage responses

to hyperpolarizing current. The opposite increasing hyper-

polarization indicating a decrease in conductance occurs,

as seen in Figure 4A.

Experiments in which segments of the ganglion that

include single large cells are isolated have shown that such

cells "spontaneously" produce rhythmical DPs (with super-

imposed impulse trains, if a trigger zone remains) when a

pacemaker (injury?) current provides depolarizing drive

(e.g., Connor, 1969; Berlind, 1982; Tazaki and Cooke,

I983a, c). Cell 3 of Homarus has more often shown recur-

rent DPs after ligaturing than have Cells 1 or 2 (Fig. 6B),

perhaps because it has three axons and requires three liga-

tures rather than one, which results in greater injury current.

In cells that do not show a pacemaker (or injury) current,

rhythmical activity appears if a sustained depolarizing cur-

rent is passed into the neuron, or, often, if TEA is added to

reduce residual K +
current (Berlind. 1982). Recently, rhyth-

mic "bursting" has been recorded from large cells isolated

into primary culture from a crab (Carcinus maenas) CG
(Saver el ai. 1999) (Fig. 6C). The observations on reduced

preparations demonstrate that each of the large cells, at

least, is intrinsically capable of generating rhythmic, pat-

terned bursts given a nonspecific excitatory drive (e.g.,

depolarization by injury current).

Synaptic Interactions

Excitatory chemically-mediated synapses

Studies such as those described earlier (Electrophysiolog-

ical aihitdiiiv) confirmed that impulses of the posterior

small-cell axons, which do not exit the ganglion, initiate

activity of the large motor neurons and can thus be consid-

ered to have a pacemaker function (see also Mayeri, 1973a).

Impulses of specific small-cell axons can be correlated with

excitatory postsynaptic potentials (EPSPs) recorded intra-

ccllularly from large-cell somata (Fig. 6A) (Hagiwara and

Bullock. 1957; Hartline and Cooke, 1969; Connor, 1969;

Tazaki. 197Ih; Friesen, I975a. b, c; Tameyasu, 1987). In

spiny lobsters, the most anterior of the small cells (Cell 6)

provides a large initial EPSP, followed by one or more of

reduced amplitude (antifacilitation); after a pause equivalent

to the interburst interval, the next EPSP is augmented

(Friesen, 1975c; Tameyasu, 1987). Synaptic interaction be-

tween large cells has been described in Homarus (Hartline,

1979). The observation that the bursts from small cells

increase in rate and shorten when large-cell impulses (but

not DPs) are eliminated by TTX applied anteriorly demon-

strates an influence of large-cell activity on the small cells

(Berlind, 1989). Synaptic potentials have not been observ-

able in the intracellular recordings available from small

cells. It may be that synapses occur at too great an electro-

tonic distance from the soma to be recorded. The possibility

that non-impulse-mediated transmission occurs, as shown in

the stomatogastric ganglion (Graubard et ai. 1983). has not

been explored. Impulse-mediated EPSPs have been re-

corded in the large CG cells of several crab species (review:

Hagiwara, 1961; Tazaki. 1967; Tazaki and Cooke, 1979a,

19S3c; Berlind, 1982).

In the CG, as in crustacean ganglia generally, synaptic
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interactions occur in complex neuropils formed by collateral

processes and branches from axons (Alexandrowicz, 1932.

1934, 1952; Ohsawa, 1972; Aizu. 1975; Hawkins and

Howse, 1978; Mirolli et til., 1987; Morganelli and Sherman,

1987). By injecting procion rubine and horseradish peroxi-

dase (markers that can be distinguished by electron micros-

copy) into two of the large cells, Mirolli et til. (1987)

demonstrated that synapses occur in all combinations

among small and large cells in neuropil of the crab (Portu-

nus sanguinolentus) ganglion (Fig. 8A). Electron micros-

copy of neuropil in Homarus showed symmetrical synapses

(Morganelli and Sherman, 1987). In both studies, all syn-

apses among CG cells had clear-cored vesicles, similar to

those reported by others at excitatory neuromuscular syn-

apses (Atwood. 1976). Synaptic contacts are also contrib-

uted within the neuropils by the inhibitory and excitatory

extrinsic regulator fibers. These have morphologically dif-

ferent vesicles and, in turn, differ in morphology from those

of the intrinsic cell synapses.

The identity of the synaptic transmitter or transmitters

among the CG neurons remains under discussion. The

small-cell synaptic effect on large cells is rapid and there-

fore must be mediated by a fast, ionotropic transmitter-

receptor interaction. Current evidence now strongly sup-

ports glutamate as the intraganglionic transmitter. Applied

glutamate depolarizes large CG neurons of Homarus by

increasing conductance to monovalent cations (Cooke.

1966). Under voltage clamp (but not space clamp), gluta-

mate increased conductance and produced an inward current

that had a reversal potential of 15 mV and was depen-

dent nearly equally on K+
and Na +

. Quisqualate was an

even more potent agonist than glutamate, while i.-aspartate

was as potent as glutamate (Hashemzadeh-Gargari and

Freschi, 1992).

Immunolabeling for glutamate-like reactivity in Panuli-

rus argus (Fig. 7A, B) has shown a compound presumed to

be glutamate in each of the CG cells and their axons. It has

also revealed extensive terminations of the small cells in

neuropil and in networks surrounding the large-cell somata

and proximal neurites (Delgado et ai. 2001). Similar ter-

mination of labeled processes in the posterior of the gan-

glion near small cells is not reported. The demonstration of

glutamate-like immunoreactivity in the axons and their

terminations on the heart muscle supports the electrophys-

iological evidence for glutamate as a transmitter at the

neuromuscular junctions (Benson, 1981). Additional evi-

dence is the detection, by high-pressure liquid chromatog-

raphy, of glutamate in extracted CG of the isopod Butliyno-

mus doederleini and, in lower amounts, in heart muscle

(Yazawa el ai, 1998). Modulation of CG activity by

the extrinsic fibers and neurohormones is further discussed

below.

Electrotonic coupling

An important element rn-,inn>i the coordinated bursting

of the motor axons from the CG is the presence of electro-

tonic coupling among all of the neurons (Watanabe, 1958;

Hagiwara et ai. 1959; Watanabe and Takeda. 1963; for

small cells in crab CG, see Tazaki and Cooke, 1979a). The

coupling passes slowly changing potentials effectively, but

not rapidly changing ones such as impulses (the case of

synchronization of large-cell impulse firing in the crabs

Portunus and Callinectes was mentioned above). The cou-

pling results in the effective spread of both pacemaker and

driver potentials (or of imposed current) among the nine

neurons, helping to ensure coordination of their bursting

activity (Figs. 3C, D; 6A). Although electrophysiological

recording demonstrates effective electrotonic coupling be-

tween large and small cells, dye coupling has not been

demonstrated. Lucifer yellow injection into any of the large

cells in Portunus resulted in the appearance of dye in all of

the other large cells, but not in any of the small cells (Fig.

8D) (Tazaki and Cooke, 1983a). Similarly, injection of

neurobiotin into any of the large cells of the Panulirus CG
resulted in its appearance in all large cells, but not in any

small cells (Delgado et ai, 2001). A search for images

suggesting gap or tight junctions in neuropil has tailed to

detect them (e.g., Mirolli et ai, 1987, in Portunus; Mor-

ganelli and Sherman, 1987, Homarus). Areas of membrane

close apposition are observed among fine processes in neu-

ropil and may serve as electrotonic junctions (Fig. 8A). The

location of electrotonic connections on the small collateral

processes would account for the low-pass filtering of elec-

trotonic transmission observed electrophysiologically.

These studies found that axo-axonic close appositions occur

between the small-cell axons (Fig. 8B. C). Such appositions

have also been described in CG of Panulirus (Ohsawa,

1972) and Squilla (Irisawa and Hama, 1965; Watanabe et

til.. 1967a). In all of these species, the axo-axonic close

appositions occur only between axons of small cells or

pacemaker neurons.

Mechanisms for Modulation of Heart Function in

Response to Physiological Demands

Crustacean heart muscle is similar to other crustacean

muscle in being striated and innei aied by multiple distrib-

uted boutons of the moto> i of most or all of the five

CG motorneurons (Fig. -.derson and Smith, 1971;

Kuramoto and Kuwas, 80). Heart muscle fibers are

electronically coupled. J-u-t-nd, unlike other muscle in

the animal (e.g., \i and Cooke, 1971). Neural acti-

vation of heart rniisi !e ^:uies most of the characteristics of

neuromuscular phy-iology observed in other crustacean

muscles: repetitive impulses produce EPSPs that facilitate

extensively, and there is spatial as well as temporal sum-

mation of responses to impulses arriving from different
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250 mix

Figure 7. Chemically mediated synaptic interaction and effects ol cvtnnsic regulator libers. (A) Glutamate-

like immunoreactivity in large cells of Pwiiilirm ui^u-, cardiac ganglion. Fluorescence was present in the somata

and neurites, but some major axons within the ganglion did not exhibit high levels of staining (asterisk marks

site of an axon visible in neurobiotin till, not shownl. Calibration: 100 /xrti. (Delgado ct til., 2001, tig. 7B.)
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motorneurons (van der Kloot, 1970; Anderson and Cooke,

1971; Kuramoto and Kuwasawa. 1980; Benson, 1981; Flo-

rey and Rathmayer, 1990; Brown, 1964a. b; for a summary

and references to recording from crustacean and other ar-

thropod hearts, see table 1 in Anderson and Cooke, 1971).

The strength of contraction depends mainly on the degree to

which the facilitated and summed EPSPs produce a sus-

tained depolarization of the muscle (Orkand, 1962). Hence,

the heart rate and strength of heart contractions are exquis-

itely sensitive to the rate, intraburst frequency, and also the

patterning of impulses of each of the CG motorneurons. The

effects of modulators on heart function can be largely ex-

plained by their effects on CG output.

Extrinsic fibers from the CMS

Numerous studies of semi-intact preparations have dem-

onstrated the effects of electrically stimulating the extrinsic

fibers to the heart (see Maynard. 1961. for references to

early studies). Implanted electrodes and heart monitoring in

lobsters (Homarus) have shown that the extrinsic nerves

modify heart rate appropriately in relation to behavioral

demands. For example, exercising on a treadmill acceler-

ated the heart rate; bradycardia accompanied startle re-

sponses (Guirguis and Wilkens, 1995). In crayfish and lob-

sters the inhibitor and the two accelerator extrinsic nerves

can be stimulated separately before they combine to enter

the heart to reach the CG as the dorsal nerve (Fig. IB, C).

If the regulatory nerves are stimulated together, inhibition

predominates.

Responses to stimulation of inhibitory fibers. The effec-

tiveness of stimulation of the inhibitor depends on the rate

of stimulation over a range of 3-40 stimuli per second

(review; Maynard. 1961: Cooke. 1962. in Hoimints), with

rapid, complete arrest for tens of seconds observed for rates

of 20/s or higher. Inhibition is generally followed by a

rebound acceleration of heart rate.

Stimulation of the extrinsic regulator nerve during intra-

cellular recording from large CG neuronal somata produces

postsynaptic potentials following, one for one. the stimuli to

the axon, and repetitive stimulation causes the expected

slowing of bursting (Fig. 7G). Inhibitory stimulation tends

to move the membrane potential toward the most hyperpo-

larized levels observable during spontaneous bursting

(Otani and Bullock. 1959: Shimahara, 1969a; Matsui et nl.,

1973; Watanabe et al.. 1968. in Squilla). As first seen at the

neuromuscular junction (Fatt and Katz, 1953), the reversal

potential for the inhibitory conductance is close to the

prevailing membrane potential and involves primarily an

increase in conductance to Cl~ (Shimahara, 1969a). As for

peripheral inhibition, y-amino butyric acid (GAB A) is a

candidate for the inhibitory transmitter. In support of the

earlier study (Shimahara. 1969a), voltage-clamping of large

cells of Hoimims indicated that GABA application in-

creases conductance to Cl~ (Kerrison and Freschi, 1992).

A study of GABA-like immunoreactivity in Paniilinix

CG (Delgado et <//.. 2001) found labeling in a single fiber

entering the ganglion in the dorsal nerve from each side.

These formed extensive processes in neuropil throughout

( B ) Glutamate-like immunoreactive fibers could be followed over the surfaces of some muscles, where they often

coursed in pairs (arrow) or triplets prior to diverging and producing a fairly uniform innervation of the muscle

fibers. Calibration: 40 jini. (Courtesy J. Delgado.) (C) GABA-like immunoreactivity. A single fiber approaches

the ganglion from each side via the dorsal nerve, bifurcates just before (lower arrow) or after (upper arrow)

entering the trunk, giving rise to one large-caliber fiber directed toward the more rostral portions of the ganglion

(left) and another directed caudally. Fine branches of both large GABA-immunoreactive fibers produced two

spherical baskets of varicose fibers (arrowheads). Calibration: 100 /^m. (Delgado ci al., 2001. fig. 2B.) Compare

Fig. ID. (D) Two GABA-like immunoreactive fibers that could be traced to their entry via their respective dorsal

nerve in the anterior portion of the ganglion are seen to give rise to a spherical network of varicose fibers

surrounding Cell 5. Additional branches exit the ganglion laterally (arrows) to adhering muscle bundles

(compare Fig. 7F). Calibration: 100 jim. (Delgado et al.. 2001. fig. 3C.) (E) Tyrosine-hydroxylase-like

immunoreactivity (TH-li) in crab (Callinectes sapidus) cardiac ganglion; the three motor neurons of the anterior

end were filled with neurobiotin and labeled with rhodamine-avidin. A single TH-li fiber entered via each dorsal

nerve (arrows) and gave rise to sparse varicose networks in the region of the motorneurons. Calibration: 100 /im.

(Courtesy of T. Fort and M. W. Miller.) (F) Alexandrowicz' drawing of contacts by a dorsal nerve System I fiber

with a large cell. A basket of processes surrounds the soma. processes accompany a dendrite. extensive contact

occurs with collaterals in neuropil. and a branch extends onto heart muscle. (Alexandrowicz. 1932. Text-fig. 20;

by permission of Company of Biologists, Ltd.) Compare Fig. 7D. (G) Intracellulurly recorded responses to

spontaneous activity of the extrinsic inhibitory fibers recorded in Panulintf. /<;/i<wiVii.v cardiac ganglion. KG
electrodes intracellular to Cells 5 (upper) and 2 (lower trace). Trains of inhibitory postsynaptic potentials (IPSPs)

corresponding between both cells are seen before and after the intrinsic burst. Net hyperpolarizations of the soma

membrane with depolarizing IPSPs in the upper cell correspond to large net hyperpolarizations with hyperpo-

larizing IPSPs in the lower cell. Calibration: 5 mV. SIX) ms. (Matsui et a/.. 1973. tig. 2; reprinted with permission

from Elsevier Science.) (H) Effects of repetitive stimulation of an acceleratory extrinsic regulator fiber on

spontaneous burst activity, recorded intracellularly from a large cell of Panulirus japonicus cardiac ganglion.

A. 30 Hz; B, 50 Hz during periods marked by the bars. (Shimahara, 1969b. fig 2.)



124 I. M. COOKE

* x v

sc

Urn

19

LC

SC

SC

LC

9

20

LC

E

PR

SC
02 (jm

21

SC SC

300 400 500 600 700 800

I I

3 mm

200 n

200 |.lm



CRUSTACEAN CARDIAC GANGLION PHYSIOLOGY 125

the ganglion, including a pericellular network around large-

cell somata (Fig. 7C. D). Processes also were seen to ramify

into the heart together with the large-cell dendrites pre-

sumed to be mediating stretch sensitivity. This morphology

strikingly matches the description by Alexandrowicz ( 1932)

of the System I fibers that he proposed were inhibitory

(Figs. ID. 7F).

In electron microscopy studies (Morganelli and Sherman,

1987. Homarus; Mirolli et ai, 1987. Portunux), synapses

that were found extensively in neuropils throughout the CG
had terminals with vesicles similar to those associated with

inhibitory synapses on crustacean muscle (Atwood. 1976).

These anatomical observations provide a structural basis for

the observation that inhibitory regulatory fibers are more

effective than excitatory ones (Maynard. 1961). as well as

for the greater prominence of postsynaptic effects of inhi-

bition as observed from CG somata recording.

Responses to stimulation of accelerator fibers. In his

1932 study. Alexandrowicz described a pair of smaller

fibers ("System II") accompanying the larger fiber ("System

I," now confirmed as inhibitory) in the dorsal nerve (Fig.

IB) bringing extrinsic innervation to the CG. He suggested

that these represented the acceleratory inputs. They show

sparse terminations in the ganglion and send processes into

the cardiac muscle.

Effects of stimulation of the accelerator fibers have been

difficult to characterize because the effectiveness of stimu-

lation appears to fatigue rapidly, especially for stimulation

of the more posterior of the two fibers. Bouts of stimulation

resulted in slowly developing depolarization recorded in

large CG neurons of Punulinis (Fig. 7H) (Shimahara.

1969b; see also Terzuolo and Bullock, 1958). Similar re-

sponses were seen in Squilla (Watanabe et ai, 1969) and in

the isopod Ligia exotica (Sakurai and Yamagishi. 1998).

A recent advance toward resolving the nature of the

transmitters for the accelerator fibers is the observation of

immunoreactivity to an antibody raised against tyrosine

hydroxylase in one of the two fibers reaching the CG from

the CNS on each side in Callinectes (Fig. 7E) (Fort and

Miller. 2001). Tyrosine hydroxylase catalyzes the addition

of a hydroxyl to tyrosine to form dopamine. Together with

earlier observations of the presence of a catecholamine in

CG tissue (Ocorr and Berlind. 1983) and the excitatory

effects of dopamine on the CG (see further below), the

observations implicate dopamine as the transmitter for one

of the accelerator fibers. Which of the two fibers shows the

immunoreactivity is still unresolved.

Among many agents that have acceleratory effects on the

CG. possibly the strongest candidate transmitter for the

second fiber is acetylcholine (Freschi and Livengood. 1989;

Sullivan and Miller, 1990; see further below). 5-Hydroxy-

tryptamine (5HT) has been eliminated as a transmitter, at

least for the more anterior of the accelerator fibers in Ho-

marus. Response to 5HT could be blocked by previous

application of D-lysergic acid diethylamide (LSD) without

blocking the effects of nerve stimulation (Cooke. 1966).

Responses to stimulation of the more posterior accelerator

nerve were weak or absent, and hence no conclusion about

inhibition by LSD was possible. Glutamate is unlikely, as

Figure 8. Morphology of synaptic and electrotonic contacts. (A) Contacts among neurons of Pormnns

sunguinolentiis cardiac ganglion: Electron micrographs from Mirolli et ai. 1987. (18) Contact between the

collateral process of a small-cell a.xon (SO and that of an anterior large cell (LC). SC and LC processes are

distinguishable by the density and distribution of their cytoskeletal elements. A process from a different anterior

LC injected with procion rubine (PR) contacts the SC collateral process (arrow), and another (double arrows)

contacts the collateral process of the LC. Asterisk marks another part of the PR-labeled process. (19) Contacts

between two SC axons and between them and the collateral process of a LC. Other processes (arrows) are also

in contact with the two SC axons. (20) Higher magnification of the contact between the LC and SC collateral

processes shown in 18. Note the absence of glia at the region of contact. Arrows point to possible membrane

close appositions between the two collaterals and that of the LC and a PR-stained process. (21) Synapse between

a process with vesicles typical of intrinsic cell processes and two small axons (SC). (B) Schematic drawing of

the chain of contacts made by three small-cell axons of the P. sanguinolentus ganglion as reconstructed from a

complete series cut for light microscopy. The horizontal scale shows the distance (/urn) of the contacts found in

this series from a reference section in the anterior end of the trunk. (Mirolli et ai. 1987. fig. 17.) (C) Schematic

representation of the side-junctions (close contacts] (vertical lines) between axons in the stomatopod (St/uilla

oratorio) cardiac ganglion in a section of the ganglion with ganglion cell (Go 5 and Gc 6. Lines a-e represent

axons passing in the main trunk. (Watanabe el ai. 1967a. fig. 1; reproduced by copyright permission of The

Rockefeller University Press.) (D) Reversed photomicrographs of a P. sanguinolentus cardiac ganglion injected

with Lucifer yellow. The trunk was ligatured (central undyed portion), then Cell 3 in the anterior and Cell 4 in

the posterior portion were intracellularly injected. In the photomontage of the entire ganglion. Cells 1 and 1 in

the anterior cell group (top) and 5 in the posterior group are dimly visible as a result of dye transfer. Dye tails

to diffuse within 100 jam of the ligature. Below: Detail of anterior cell group, overexposed to show web of fine

processes near somata and parallel-running anteriorly directed processes. The four posterior small neurons are

never visualized in such preparations. (Tazaki and Cooke. 1983a, fig. la. b; by permission of Springer- Verlag

CmbH & Co. KG.) (E) Schematic showing sites of initiation of the synchronous motorneuron impulses

(stippling) in the P. sanguinolentus ganglion (I. M. Cooke. unpublished.)
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no glutamate-like immunoreactivity was detected in the

dorsal nerves of Paniilirtis (Delgado et ai, 2001 ).

Neurohormonal modulation

Neurohormones of the pericardial organs. Alexandro-

wicz (1953) recognized that the webbings of neural tissue

spanning the openings of the branchial sinuses in crabs were

neurohemal structures and named them pericardial organs

(POs). Given their location in the path of hemolymph re-

turning from the gills and about to enter the heart, functions

in modulating heart and circulatory performance were an-

ticipated and soon established (Alexandrowicz and Carlisle,

1953). Homologous structures of lobsters are the ligamental

nerve plexuses, now referred to as POs (Alexandrowicz,

1932, 1953; reviews: Cooke and Sullivan, 1982; Chaigneau,

1983). Neurohormones found in POs include the amines

5HT, dopamine (predominant in crabs), and octopamine

(predominant in lobsters, Sullivan et nl., 1977). Peptides

that have been identified include proctolin (Sullivan, 1979),

crustacean cardioactive peptide (Slangier et ai, 1987; re-

view, Dircksen, 1994) in crabs, and one or more FMRF-
amide-related peptides (Trimmer et til.. 1987; Mercier et til..

1993). Most of these are also found elsewhere in the ner-

vous system but have effects on central pattern generators

and at neuromuscular junctions at concentrations consistent

with their role as circulating neurohorniones.

Neurohormonal effects on the heart. It would not be

possible here to review the extensive literature from at

least 80 years of experiments on the effects of tissue ex-

tracts, putative neurotransmitters, hormones, and pharmaco-

logical agents on crustacean hearts. More recent studies

examining effects of PO extracts and hormones on nearly

intact and in situ hearts suggest that each has subtly dif-

fering sites and modes of action in altering heart perfor-

mance (Florey and Rathmeyer, 1978; Kuramoto and Ebara,

1984a, b. 1988, 1991; Krajniak, 1991; Yazawa and Ku-

wasawa, 1992; Mercier and Russenes, 1992; Wilkens and

Mercier, 1993; Wilkens et ai. 1996; Saver and Wilkens,

1998; Saver et til., 1998). Hormones may have differential

actions on the valves governing hemolymph distribution to

different parts of the animal via the several arteries

(Kuramoto et til., 1992), on alary muscles contributing to

distension and refilling of the heart, on tension development

by heart muscle, and on the neuromuscular junctions as

well as on the CG. A broad generalization that is increas-

ingly supported as further experiments are done is that each

of the neurohorniones orchestrates a subtly different coor-

dinated response of the circulatory, respiratory, and proba-

bly other systems to homeostatic demands as, for exam-

ple, to anoxia, osmotic stress, trauma, and the like. In

general, the PO neurohormones produce slowly developing

and long-lasting increases in heart rate and strength of

contraction.

Neurohormonal effects on the cardiac giiii^Hon. Many,
but clearly not all. of the effects of PO neurohormones on

intact heart preparations can be accounted for by the effects

observable on the efferent output from isolated CG. These

hormones act on isolated CG preparations, generally in-

creasing burst rate and usually increasing the frequency and

number of impulses as well as the duration of the bursts. In

an effort to distinguish sites and mechanisms of action

within the CG, a localized droplet of hormone-containing

saline was applied to a lobster CG held on an array of

electrodes in oil (Fig. 2B) (Cooke and Hartline. 1975).

Defining excitation of a neuron as an increase in the average

firing frequency of one of its axons, the study found that

sensitivity to neurohormones was greatest at the impulse-

initiating zone and confined to the nonspiking, integrative,

DP-generating, initial axon segment of each of the neurons;

the somata themselves were not sensitive.

The droplet technique and the limited region of cell

sensitivity made it possible to observe how neurohormone

stimulation of a single cell altered the performance of the

otherwise undisturbed cardiac ganglion (see Fig. 2 and

legend). Stimulation of individual axons that more than

doubled their average firing rate was accommodated into the

bursting pattern by correspondingly much greater increases

in the rate at which those axons fired within the burst (as in

Fig. 2C). Analysis of the impulses of individual axons

revealed that those not exposed to the hormone in their

sensitive region retained a relatively unchanged average

firing frequency. The overall burst rate was altered only if

an application changed the average firing frequency of the

acting pacemaker (small-cell) axon. The robustness of the

integrating ganglion as a rhythmic heartbeat activator was

emphasized by these observations: despite major perturba-

tion of individual axon frequency, the rhythmical output of

tightly grouped motor impulses was never disrupted.

The difference in effects of the neurohormones when the

substances are applied regionally to primarily act on sensi-

tive regions of small cells or large cells adds additional

evidence for differences in the intrinsic properties of these

cells and, particularly, in the nature of their DPs (proctolin:

Miller and Sullivan, 1981; Sullivan and Miller. 1984; octo-

pamine: Benson, 1984; dopamine: Miller et ai. 1984; Ber-

hnd. 1998 [see Fig. 9E], 200 la. b; 5HT: Kuramoto and

Ebara. 1988; Kuramoto and Yamagishi. 1990: Berlind.

1998). An example is provided by observations on the

effects of proctolin applied to the isolated Homanis CG
(Miller and Sullivan, 1981: Sullivan and Miller, 1984).

Application to small cells increased the duration and firing

frequency of small-cell axons. implying an underlying in-

crease in the duration and amplitude of the small-cell DPs.

This effect was rapid (5-10 s). and it could be rapidly

reversed. Application of proctolin limited to large-cell sen-

sitive regions (Fig. 9A) caused a slowly developing increase

in burst frequency accompanying a depolarization of up to
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Figure 9. Neurohormonal effects on the isolated cardiac ganglion. (A-D) Rcspoi, .. m pructolin. (A) (A)

Intracellular recording from motomeuron 1 (Vm = -59 mV) demonstrates the tnne-dependenl proctolin effects.

Samples of burst activity ( 1-5) were taken at the times indicated on the continuous plot of instantaneous burst

frequency (u). A total of 14 min is shown. Time I is control. Within 10 s of application of a pulse of proctolin

(1.5 x 10~
h
M. 100 /il), burst frequency began to decline, (u) reaching a minimum of 65 per mm after about

25 s. Concurrently, the ganglion exhibited a period of double bursting (Time 2). Considering each doublet as a
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8 mV. By contrast with responses of the small cells, the

response to a brief pulse of proctolin developed over min-

utes and lasted for tens of minutes.

For proctolin. there are observations suggesting its mem-

brane-level mode of action. When proctolin was applied to

Honuinis large cells isolated by ligaturing and TTX treat-

ment (Fig. 9C), the resulting depolarization could induce

rhythmic driver potentials in previously quiescent cells

(Sullivan and Miller. 1984). Tests of the cell input resis-

tance (Fig. 9B) showed that proctolin increased resistance,

and ionic substitution experiments indicated that this repre-

sented primarily a decrease in residual K +
conductance.

Removal of Na
+

decreased the magnitude of proctolin

depolarization, which these authors interpreted as confirm-

ing that depolarization normally resulted from increased

effectiveness of a "leak" conductance, for which Na +
was

the dominant ion in depolarizing the membrane. Similar

observations (Fig. 9C) were made by Freschi (1989). but

interpreted as representing activation of a Na+ current.

The actions of crustacean cardioactive peptide and the

FMRFamide-related peptides on isolated cardiac ganglia

seem not to have been reported.

Arc their intrinsic neuromodulators in the fiiriliiu- <,<//;-

i>lion'.' There appear to be neurohumoral modulatory effects

that arise within the CG and that supplement the actions of

the fast-acting synapses. This possibility is raised by obser-

vations of the effects of acetylcholine, a catecholamine. and

nitric oxide (NO) and by indications that these agents are

present in the ganglia. Involvement of ACh is implied by the

staining of neuropil showing the presence of acetylcholines-

terase (E. Maynard. 1971); the ability of CG tissue to

synthesize ACh (Sullivan and Miller, 1990); and sensitivity

of the ganglia to ACh. with evidence for both nicotinic and

muscarinic receptors (Freschi and Livengood. 1989). Re-

sponses of the CG to perfused ACh closely resemble those

described above for proctolin (Freschi and Livengood,

1989; Sullivan and Miller, 1990). Synthesis of cat-

echolamines by the CG and catecholamine fluorescence in

large cells of Homurus have been reported (Ocorr and

Berlind, 1983). However, tyrosine-hydroxylase-like immu-

noreactivity was not observed in cells of the Callinectes CG

(Fig. 7E) (Fort and Miller, 2001 ). Large, dense-cored gran-

ules are present together with the predominant clear-cored

vesicles in some neuropil synaptic profiles, suggesting that

a catecholamine could be co-localized with another trans-

mitter (Morganelli and Sherman, 1987). The CG is respon-

sive to low concentrations of dopamine and octopamine, as

mentioned above. The complexities of the responses to

pharmacological agonists and antagonists of monoamine

receptors of vertebrates when tested on the Homams CG
leave open the possibility of intrinsic neuromodulators (Ber-

lind. 200 la, b). Recently, nitric oxide synthase has been

single burst, there was a coincident peak in burst duration (D). (c) Maximum Vm of Cell 1: the membrane

potential underwent a slow depolarization that began about 15 s after application and became maximal after 1.5

nun. Maximum frequency was obtained ~7 min after application of proctolin (Time 4). Burst frequency

exceeded the control rate for the ensuing 7 min, returning to the control frequency concurrently with motor-

neuron repolarization (Time 5). (D) Burst duration: a peak during the period of double bursting corresponded

with the time of minimal burst rate. (Sullivan and Miller, 1984, fig. 2; reprinted by permission of Wiley-Liss.

Inc., a subsidiary of John Wiley & Sons. Inc.) (B) Manual voltage-clamp records demonstrate that proctolin

effects a net inward current and an increase in the membrane input resistance. Transected Cell 2 (Vm = 40 mV)

in saline containing TTX (3 x 1CT
7

Af) and cadmium (4 H)"
4
M). The slow depolarizing response was

continuously canceled by passage of inward current through a second electrode (top record). Additional

constant-current hyperpolarizing test pulses applied throughout the response produced voltage deflections of

increased magnitude (lower record), indicating an increase of the membrane input resistance |in this example by

50%]. (Sullivan and Miller, 1984, fig. 9B; reprinted by permission of Wiley-Liss. Inc., a subsidiary of John

Wiley & Sons, Inc.) (C) Current-voltage plot of responses to slow (ramp,
- 140 to +40 mV in 44 s) changes

of voltage under two-electrode voltage clamp of a liguted anterior large cell of the Homams cardiac ganglion

before (curve a) and in the presence of proctolin (1 /J.M, curve b). Curve b-a is the subtracted or proctolin-

induced current. Records show reversible reduction in inward current observed (holding voltage at resting

potential) during 1-ju.M proctolin perfusion (bars) in saline having reduced Na +
. (Freschi. 1989, fig. 4A, B,

reprinted with permission from Elsevier Science.) (D) Intracellularly recorded responses of an anterior Hanuini*

cardiac ganglion cell to proctolin. Spontaneity of the ganglion has ceased as a result of inclusion of 3x10 M TTX

in the perfusate. At the start of the record, a 0.1-ml pulse of 1(1
1 M proctolin was introduced to the continuing

perfusion stream (1 ml/min). Gradual depolarization (3 mV from 50 mV) leads to a sustained series of driver

potentials (seen at increased chart speed in the center part of the record) and eventual return to quiescence. During the

response, input resistance increased 30%. The duration of the record shown is 10.5 min. (K. Tazaki in Cooke. 1988.

fig. 5; reprinted with permission from Elsevier Science.) (E) Dopamine effects on spontaneous bursting of the

isolated crab (Poriiiinui sanguinolentus) ganglion. All traces were recorded from a cell body at the anterior end

of the ganglion, but any of the five large neurons would have shown a similar pattern of activity and an identical

record of action potentials. The pair of traces shows the response to application of a 50-/J.I pulse ot 10 M
dopamine (arrows) to the anterior end of the ganglion (top trace of each pair) only or to the posterior end (lower

trace) only. For all applications, burst duration is increased, but responses are greater for applications to the posterior

region including the small cells. (Miller et al.. 1984, fig. 5; by permission of Company of Biologists. Ltd.)
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localized in all nine neurons of a crab (Cancer productus)

CG (Labenia et al., 1998). This rinding may suggest a role

for amines and NO in modulating CG bursting activity via

metabotropic receptors rather than via ionotropic receptors

such as those of the fast excitatory synapses. A further

question is whether the extrinsic regulatory fibers play a role

in governing such neuromodulation.

Cellular mechanisms of neuronal modulation. Effects of

the neurohormonal modulators have in common that they

develop over tens of seconds and may last for tens of

minutes in response to brief exposure. This time-course

indicates a mode of action involving second-messenger-

mediated modulation of ionic conductances. In support of

this type of action, pericardial organ extracts were found to

increase cAMP levels in Homams cardiac ganglia, and

pharmacological manipulations that increased cAMP mim-

icked the effect of PO extracts (Lemos and Berlind. 1981 ).

Manipulations expected to increase NO levels increased

cGMP levels and inhibited activity of the CG, while de-

creasing NO synthase activity decreased cGMP levels and

increased burst frequency (Labenia et <//., 1998). The local-

ization of neuronal regions sensitive to the neurohormonal

modulators on the proximal axon segments (Cooke and

Hartline, 1975) is consistent with the suggestion that these

modulate conductances controlling the pacemaker (or leak)

potentials, DPs, or both.

The Relation of Driver Potentials to Other

Intrinsic Potentials

The recognition from study of the lobster CG (Watanabe,

1958) that the capability for patterned or bursting impulse

activity is an intrinsic property of an individual neuron has

now been extended to include a number of types of verte-

brate neurons as well as neurons from nearly all major
invertebrate groups. A sampling of the studies describing

intrinsic DP-like properties underlying patterning include

besides other crustacean systems (see below) insects

(Hancox and Pitman. 1991 ); molluscs (Kramer and Zucker,

1985; Hurwitz and Susswein, 1996; Perrins and Weiss,

1998); annelids (Arbas and Calabrese, 1987); and verte-

brates (reviews, Cooke and Stuenkel, 1985; Llinas, 1988;

Kiehn and Eken. 1998). The list of vertebrate neurons

includes Purkinje cells (Llinas and Sugimori, 1980); thulmic

neurons (Deschenes et al., 1982; Llinas and Jahnsen, 1982);

hypothalamic neurons (Legendre et al., 1982); neurons re-

sponsible for lamprey swimming (Grillner et al.. 1991);

neurons involved in respiratory rhythm generation (Rekling
and Feldman, 1998); motorneurons (Hounsgaard and Kiehn,

1989, review; Hultborn, 1999); and subthalamic nucleus

neurons (Beurrier et al.. 1999). The sustaining relevance of

the studies on the CG lies in the remarkable similarity of the

underlying ionic mechanisms observed in a major propor-

tion of the pattern-forming neurons that have been analyzed.

Plateau potentials

Neurons of the decapod stomatogastric ganglion display

an important variant of the intrinsic properties seen in the

DPs of the CG neurons. Certain of the stomatogastric neu-

rons exhibit plateau potentials (e.g., Russell and Hartline,

1978, 1982; Dickinson and Nagy, 1983; Harris-Warrick et

al.. 1992a; review, Hartline and Graubard, 1992; for volt-

age-clamp data see Golowasch and Marder, 1992; Zhang
and Harris-Warrick, 1995). The term reflects their well-

sustained, stable depolarized level (see Hartline, 1997, for

diagnostic characteristics). A major embellishment is the

control of the neuron's capability to produce plateau poten-

tials by neurotransmitters. neuromodulators, or neurohor-

mones (Russell and Hartline. 1984; Nusbauin et al.. 2001).

Such modification provides different output patterning (i.e.,

command of different behaviors) by the ganglion (reviews

in Harris-Warrick et al.. 1992b). Modulation is also found in

other crustacean pattern generators (e.g.. the crab ventila-

tory system, DiCaprio, 1997) and in vertebrate motorneu-

rons (Hounsgaard and Kiehn, 1989; review, Hultborn,

1999) and subthalamic nucleus neurons (Beurrier et al.,

} 999). A further embellishment on the stereotyped DP is the

possibility of controlling plateau duration. Plateau poten-

tials, like DPs (Tazaki and Cooke, 1979b), can be, and often

are, terminated by hyperpolarizing current such as produced

by an inhibitory synaptic potential. As with DPs. plateau

potentials initiate and pattern the action potentials produced

by the neuron.

Reviewing common characteristics detailed for the DPs

of the CG above that have been associated with the presence

of intrinsic pattern-forming capability as found in neurons

from a diversity of animals and neurons, they include the

following:

Appropriate depolarization (e.g., a pacemaker, synaptic

potential, or imposed depolarizing current) initiates a

regenerative, slowly rising, sustained (tenths of sec-

onds to tens of seconds), depolarizing (to above im-

pulse threshold) potential, in a majority, resulting from

activation of a slowly inactivating or non-inactivating

/Ca . Application of TTX to silence impulse initiation as

well as impulse-mediated synaptic input reveals the

form of these potentials. However, DP- or plateau-like

potentials involving Na
+
-inward current rather than, or

as well as. /Ca have been described ([for CG. see

above], e.g., Angstadt and Choo, 1996. leech Retzius

neurons; Kim and McCormick, 1998, ferret perigenicu-

late neurons; Su et al.. 2001. rat hippocampal CA1

pyramidal cells).

The amplitude and duration of the depolarization is

shaped by the suite of K +
conductances present and by

the inactivation mechanisms of the inward currents.

These include both voltage- and Ca2+ -dependent com-

ponents. The depolarization can be terminated by
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y < Stretch depol.^
\ Pacemaker depol. (?)

Driver potential

Figure 10. Anatomical segregation of function in cardiac ganglion neurons. Diagram depicting the supposed

integrative region of the soma and proximal axon, which is not capable of impulse initiation. In that region,

pacemaker depolarizations (if present), inputs of stretch-sensitive dendrites, and electrotonic and chemical

synaptic inputs (on axon collateral processes) all sum with the regenerative, non-propagating driver potential to

produce a flow of current through the membrane of the more distal axonal trigger zone. The current initiates and

influences the temporal patterning of the action potentials that propagate distally. (Benson and Cooke, 1984. fig.

6: reprinted with permission from Elsevier Science.)

hyperpolurizing current (from inhibitory synaptic input

or imposed current).

The pattern-forming potentials often exhibit a rela-

tively refractory period that may include an afterhyper-

polarization. The afterpolarization may activate cur-

rents (see below) contributing toward a slow

pacemaker depolarization that in turn initiates the in-

trinsic potential, thus contributing to rhythmic pattern

generation.

Rhythmicity

Intrinsic pattern-forming characteristics combined with a

pacemaking mechanism or source of sustained depolarizing

drive result in rhythmic bursting or pattern formation, as

exhibited in the isolated CG. One of the ionic mechanisms

giving rise to pacemaker potentials is hyperpolarization-

activated cationic current, now generally referred to as /
h ,

which has been implicated in many of the vertebrate neu-

rons studied (reviews: Santoro and Tibbs. 1999; Liithi and

McCormick, 1998; Kaupp and Seit'ert, 2001 ). As mentioned

above, /h has not been observed in the CG motorneurons. It

has been reported in a crab stomatogastric motorneuron

(Kiehn and Harris-Warrick, 1992). /h is modulated by

agents that alter cyclic nucleotides such as 5HT and other

amines and peptides. suggesting a mechanism by which

neuromodulators influence rhythmic pattern generators.

Another current that may contribute to pacemaking is

slowly inactivating or persistent Na
+

current (/NaP ) (e.g.,

Hsiao el til.. 1998; Brumberg et til.. 2000). By contrast, in

subthalamic neurons, activation of 7NaP changes burst firing

to single-spike activity (Beurrier et ul.. 2000). Activation or

enhancement of an /Nal,-like current has been proposed as a

mechanism of action of neuromodulators of the crustacean

CG. as discussed above (Freschi. 1989; Freschi and Liven-

good. 1989).

Recapitulation and Conclusions

Economy in neuronal cell numbers is achieved in arthro-

pods by a cellular architecture that permits each cell to serve

several functions. Thus. CG cells are stretch receptors,

integrative interneurons, and, in the case of the large cells,

motorneurons as well; they may also be endowed with the

capability for spontaneity and pacemaking. The sensory and

integrative functions occur in a region the soma and initial

axon segment and its collateral processes segregated from

the impulse-propagating distal axon (Fig. 10). A trigger

zone converts the integrated signal to conducted, all-or-

none, Na
'

-mediated impulses whose frequency and pattern

reflect the form of the integrated depolarizing potential

generated in the initial axon segment. The presence of a

combination of ionic conductances in the integrating zone

that give rise to the regenerative but graded driver potential

(or in other ganglia, plateau potential) enables the neuron to

produce a specific form of patterned impulses that can be
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largely independent of the excitatory input. A combination

of three factors a voltage-gated Ca2+ conductance that is

inactivated by the resulting entry of Ca2 +
, fast and slowly

inactivating voltage-dependent K +
conductances, and fi-

nally a K +
conductance initiated by the rise of internal

Ca"
+

imposes a refractory period. The depth and duration

of this refractory period reflects the level of previous activ-

ity. The removal or sequestering of Ca2+ reduces K +
con-

ductance, allowing increased influence of depolarizing cur-

rents (stretch, pacemaker, leak, or synaptic), and removes

/c .,
inactivation, thus reducing threshold for the DP. To-

gether the behaviors of these ionic conductances account for

rhythmic recurrence of DPs and bursting, given general

excitatory drive. The conductances also shape the amplitude
and duration of DPs as a function of the rate of recurrence;

they account for the reciprocity between burst rate and

duration, and for the advanced or delayed phasing of the

burst cycle when perturbed.

The CG shows remarkable reliability in providing rhyth-

mic bursts of motor impulses in the face of a variety of

imposed experimental perturbations and insults, and theo-

reticians have used it to model fault-tolerant networking

(e.g., Sivan ct at., 1999). In the CG, reliability surely arises

from the intrinsic ability for rhythmic burst formation of

each neuron combined with the extensive interconnection

among all the neurons that ensures coordination of their

activity. Electrotonic coupling links all cells of the ganglion
and passes slowly changing potentials such as stretch-in-

duced or pacemaker potentials and DPs, and these can

continue to recur synchronously and rhythmic. ..ly when

impulse propagation has been eliminated with TTX. Each of

the cells provides fast, chemically mediated excitatory syn-

aptic input to, probably, all other cells. While these synapses
are known to be impulse-mediated, the possibility that some

are also active in the absence of impulses has not been

examined.

Although the similarity among the nine neurons (in the

case of most decapods) perhaps provides reliability by
means of redundancy, each exhibits consistent differences

in the detailed pattern of its impulse bursts. In the isolated

CG, small cells have prominent pacemaker depolarizations

and a DP of low amplitude and long duration. This form of

DP thus generates a long burst of impulses at relatively

steady frequency which mediates a sustained barrage of

excitatory input to the motorneurons. Large cells exhibit a

larger amplitude and a shorter DP, and they produce a burst

having an initial high frequency of impulse firing, effica-

cious in rapidly depolarizing and initiating contraction in

the heart muscle fibers. Other more subtle differences

among the CG neurons are also documented. Additional

differences become evident in considering the modulation

of ganglion output by the several neurohormones secreted

from the pericardial organs. Each neurohormone produces a

different change of CG output and, further, has differing

effects on small and large cells. The anatomical segregation

of function within neurons is again observed with the re-

striction of responsiveness to neurohormones to the non-

spiking initial axon segment.

The apparent simplicity of the CG has proven somewhat

illusory. The above review will make obvious that there are

many unresolved questions. To list a few:

How is stretch (heart filling) transduced and integrated

to influence the activity of the CG neurons? The exis-

tence and importance of stretch receptiveness is well

documented and presumably provides the ability of the

CG to monitor and adjust its activity to the results of its

actions as well as to other external influences and thus

function as an autonomous control system.

Are there specific currents providing depolarizing

pacemaker drive?

Does non-impulse-mediated synaptic chemical trans-

mission occur among CG neurons as, for example, in

the stomatogastric ganglion (Graubard et ai. 1983)?

Where and how do putative neuromodulators intrinsic

to the CG such as ACh and NO act?

What is the identity of the transmitter or transmitters

released from the other extrinsic regulator fiber?

Which conductances are involved in CG modulation by
the various known and proposed neurohormones or

neuromodulators?

Which possible second messenger systems participate

in modulation of CG activity, how extensive are they,

and what roles do they play?

New immunoreagents invite further studies exploiting the

resolving capabilities of confocal microscopy for localiza-

tion of receptors and enzyme systems in the CG. The

availability of voltage-clamping analyses of the ionic cur-

rents, analyses of impulse-mediated synaptic interactions,

and dye-fills that provide anatomical detail invite applica-

tion of modeling, as in the case of the stomatogastric gan-

glion, to discover missing components in the available in-

formation. Demonstration that it is feasible to isolate CG
neurons in primary culture and that they retain their ability

to produce rhythmical bursts and respond to neurohormones

(Saver el ai, 1999) opens the possibility for examining
some of these questions free of the complexities presented

by the interactions among the neurons in even this small,

"simple" ganglion.

A candidate for the most significant contribution to neu-

robiology of studies on crustacean cardiac ganglia would be

the unambiguous demonstration that a single neuron can be

endowed with the intrinsic capability of providing an output

of distinctively patterned impulses in response to nonpat-

terned, general excitation or single stimuli. Detailed analy-

ses of the electrophysiological underpinning of this capa-

bility are important components of the demonstration.

These observations have suggested new, much simpler ex-
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planations for the generation of complex neuronal patterns,

including mechanisms by which neurohormonal and other

modulators can alter these patterns and the behaviors they

direct.
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Timing Is Everything: The Effects of Putative Dopamine
Antagonists on Metamorphosis Vary With Larval Age
and Experimental Duration in the Prosobranch

Gastropod Crepidula fornicata
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Abstract. The signal transduction pathway through which

excess potassium ion stimulates the larvae of many marine

invertebrates to metamorphose is incompletely understood.

Recent evidence suggests that dopamine plays important

roles in the metamorphic pathway of Crepidula fornicata.

Therefore, we asked whether blocking dopamine receptors

might prevent excess potassium ion from stimulating meta-

morphosis in this species. Surprisingly, the effects of the

three putative dopamine antagonists tested (all at 10 /n,A/)

varied with exposure duration and the age of competent
larvae. Chlorpromazine, a nonspecific dopamine antagonist

known to have a number of other pharmacological effects,

blocked the inductive action of excess potassium ion during

the initial 5-8-h exposure periods in most assays, particu-

larly for younger or smaller competent larvae. However,

chlorpromazine in the absence of excess potassium ion also

stimulated metamorphosis, particularly over the next IS h.

and worked faster on older competent larvae than on

younger competent larvae. The specific D, antagonist R( + )-

Sch-23309 had similar effects, blocking potassium-stimu-
lated metamorphosis in short-term exposures and stimulat-

ing metamorphosis in longer exposures, particularly for

older competent larvae. Although the specific D-, antagonist

spiperone (SPIP) blocked the inductive effects of excess

potassium ion in only 1 of 6 assays during the first 6 h of

exposure, it blocked metamorphosis in 2 of the assays

during 24-h exposures. Our results indicate that dopamine

receptors are involved in the pathway through which excess

potassium ion stimulates metamorphosis in C. fornicata. In
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addition, the largely latent inductive effects of chlorprom-

azine, an inhibitor of nitric oxide synthase, suggest that

endogenous nitric oxide may play a natural role in inhibiting

metamorphosis in this species. Overall, our results would

then suggest that exposing larvae of C. fornicata to excess

K +
leads to a shutdown of nitric oxide synthesis via a

dopaminergic pathway, a pathway that can be blocked by
some dopamine antagonists. Alternatively, chlorpromazine

might eventually be stimulating metamorphosis by elevat-

ing endogenous cyclic nucleotide (e.g.. cAMP) concentra-

tions, again acting downstream from the steps acted on

directly by excess K +
.

Introduction

As with most other marine gastropods, Crepidula forni-

cata has an obligate planktonic larval stage. After swim-

ming and feeding in the plankton for at least several weeks,

the veliger larvae become competent to metamorphose
(Pechenik, 1990); that is, they become capable of metamor-

phosing in response to specific external cues such as adult

pheromone and microbial films (Pechenik, 1980; Pechenik

and Heyman. 1987; McGee and Targett. 1989; Pechenik

and Gee. 1993). In the absence of such external cues, the

larval form can be maintained for at least an additional 10

days (Pechenik and Lima, 1984; Zimmerman and Pechenik,

1991). Eventually the larvae metamorphose "spontaneous-

ly" in frequently cleaned glassware, in the apparent absence

of external cues (Pechenik, 1984; Pechenik and Lima, 1984;

Pechenik et /.. 1996a).

The signal transduction pathway that leads from percep-

tion of the external cue to metamorphosis is incompletely

understood in this species, and indeed in any marine inver-

tebrate species (Todd et ui, 1991; Pechenik et al.. 1995;

137
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Clare. 1996; Woollacott and Hadtield. 1996: Pechenik and

Qian, 1998; Carpizo-Ituarte and Hadtield, 1998; Holm et

al. 1998; Leise and Hadfield, 2000: Leise et al., 2001).

Recently, Pires et cil. (2UO()b) found that artificially deplet-

ing the concentration of endogenous dopamine and its pre-

cursor i.-DOPA to about 50% of initial concentrations in-

hibited larvae of Crepidulafornicata from metamorphosing
in response to adult-conditioned seawater. suggesting that

catecholamines play an important role in regulating meta-

morphosis in this species. Similarly, dopamine and other

catecholamines seem to function in the metamorphic path-

way of the opisthobranch gastropod P/iestilla sibogae (Pires

c/ ai, 2000a). In those experiments with P. sibogae, increas-

ing the endogenous dopamine concentration of competent

larvae by 20-50 times significantly increased the sensitivity

of larvae to natural inducer (an extract of the coral Poritex

compressd).

In this study we sought direct evidence for the involve-

ment of dopamine receptors in the metamorphic pathway of

Crepidula fornicata. Such studies first require the ability to

reliably identify when larvae become physiologically com-

petent to metamorphose, and the ability to subsequently

induce all competent larvae to metamorphose. Although

competent larvae of C. fornicata can be induced to meta-

morphose using seawater conditioned by adults (Pechenik,

1980; Pechenik and Heyman. 1987; McGee and Targett,

1989). the results are quite variable from one experiment to

the next. When larvae fail to respond to the adult-condi-

tioned seawater, is it because the larvae were not yet com-

petent to respond, or is it because the adults simply did not

produce enough cue to induce a response? We cannot dis-

tinguish between these possibilities because the adult cue is

still only partially defined (McGee and Targett. 1989). Ex-

posure concentrations cannot be standardized in such a

situation, and the extent of physiological competence within

larval populations cannot be accurately quantified (Pechenik

and Heyman, 1987).

However, metamorphosis can be reliably induced in C.

fornicata artificially, by incubating larvae for 5-6 h in

seawater in which the concentration of K +
has been raised

by 15-20 mM (Pechenik and Heyman. 1987; Pechenik and

Gee, 1993; Pires ft al.. 2()()0b). The larvae become compe-
tent to respond to excess K +

only about 1 2-24 h before they

become competent to respond to natural inducer, follow-

ing 2-3 weeks of development as pre-competent larvae

(Pechenik and Gee, 1993). This is not the case for all

species: the larvae of at least some other marine invertebrate

species become responsive to excess K 4
well after they

become responsive to natural cues (Pechenik ct al., 1995;

Pechenik and Qian, 1998). Exposing larvae to excess K
'

provides a reliable way to monitor the onset of metamorphic

competence within laboratory populations of C. fornicata.

Moreover, metamorphosis in C. fornicata signaled by

loss of the larval swimming organ, the velum is compa-

rably rapid in response to natural inducer and excess K+
,

typically requiring less than 6 h in both cases (Pechenik and

Gee. 1993). Finally, triggering metamorphosis of C. forni-

cata with excess K +
has no detrimental effect on rates

of juvenile growth, feeding, or respiration (Eyster and

Pechenik, 1988).

In this study, we used excess K+
as a convenient tool to

explore aspects of signal transduction in the metamorphic

pathway of C. fornicata. In particular, we examined the

ability of several specific and nonspecific putative dopamine

antagonists to block the ability of excess K +
to stimulate

metamorphosis. Although dopamine receptor types have not

yet been characterized in this species, dopamine is known to

play several important roles in molluscan physiology, and

its various effects can be blocked by a variety of mamma-
lian dopamine receptor antagonists in a number of other

gastropod species (e.g., Juel, 1981; Swann et al., 1982; Kim
and Woodruff, 1995; Emaduddin and Takeuchi, 1996;

Green et al., 1996; Spencer et al.. 1996).

Our study differs from most previous studies exploring

the effects of neuroactive and pharmacological agents on

gastropod metamorphosis in that instead of using larvae of

the same age in each experiment (e.g., Bryan and Qian.

1998; Holm et al., 1998: Carpizo-Ituarte and Hadfield,

1998) or subsampling larvae at intervals only from pre-

competence to the onset of competence (e.g., Pechenik and

Qian. 1998; Pires et al.. 2000a). we subsampled from the

same batches of competent larvae over time. In so doing, we

encountered the surprising and potentially revealing result

that the effects of particular treatments changed dramati-

cally as competent larvae aged. Moreover, instead of ending

our experiments at 6 h, we continued them for an additional

18 h, encountering the equally remarkable result that some

treatments had the opposite effect at 24 h as they had at 6 h.

We believe this to be the first published demonstration of

such phenomena for larval invertebrates. The results sug-

gest new hypotheses about how metamorphosis is con-

trolled in this species.

Materials and Methods

Obtaining competent larvae

Four experiments were conducted, each using larvae re-

leased from a different female. Several stacks of adults were

collected from Nahant. Massachusetts, at low tide and held

in the laboratory on a diet of the naked flagellate Dunaliella

tertiolecta (clone DUN) for 2-6 days until larvae were

released. For each of our four main experiments, about 3000

larvae were then reared in 4-1 glass jars in 0.45-ju.w filtered

seawater from Nahant (salinity about 30%r) on a diet of the

naked flagellate Isochrysis gcilhumi (clone T-ISO). This diet

supports rapid growth of these larvae with low mortality

(e.g., Pechenik. 1984; Pechenik and Gee, 1993). The water

and phytoplankton suspensions were changed every other
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day, and the glassware was cleaned between water changes.

After 10-12 days, larvae were subsampled periodically

(three replicates of 10 larvae each) and tested for metamor-

phic competence by raising the K+
concentration of sea-

water by 20 mM for 6 h (Pechenik and Heyman, 1987:

Pechenik and Gee, 1993). Assays in the first three experi-

ments were initiated once at least 80% of the tested larvae

were competent to metamorphose, as described below. In

the last experiment (Experiment IV) we initiated our tests

when only about 30% of larvae were competent to meta-

morphose. This was done deliberately, so as to initiate

assays when most larvae in the culture were just beginning
to acquire metamorphic competence.

Testing the effects of putative dopamine antagonists and a

nitric oxide s\nthase inhibitor

Our experiments focused on the nonspecific (Green et al.,

1996) dopamine antagonist chlorpromazine; chlorproma-
zine has a number of other documented actions, including

the inhibition of nitric oxide synthase (see Discussion). A
smaller number of studies also included the selective D 2

antagonist spiperone (SPIP) and the D, antagonist R +

(R(+ )- Sch-23309). Because nitric oxide may be a natural

inhibitor of metamorphosis in another gastropod (Ilyanassa

obsoleta; Leise et al., 2001 ), we also tested the effects of the

nitric oxide synthase inhibitor L-NAME (/V-nitro-L-arginine

methyl ester) in two experiments.

Chlorpromazine was initially tested at concentrations of

5. 10, 20, and 40 [iM in seawater. For subsequent experi-

ments the chemical was applied only at 10 p,M, because that

concentration produced a maximal response with minimal

larval mortality (see below). The two other dopamine an-

tagonists were tested only at 10 /u,M, and L-NAME was

tested at 10 and 20 ^.M. The concentrations of chlorprom-

azine, SPIP, and R( + )-Sch-23309 that we used are similar

to those used in the studies of Croll et al. (1997) with

Lymnaea stagnalis and of Green et al. ( 1996) with Helisoma

trivolvis. Micromolar concentrations of L-NAME (injected)

stimulated metamorphosis in Ilyanassa obsoleta (Leise et

al.. 2001).

Exposure protocol

In all experiments, larvae of C.fornicata were exposed to

test solutions in sets of four replicates with 8-12 larvae

(usually 10) per replicate. When subsampling larvae for

different assays within an experiment, we selected the larg-

est larvae, discarding any that were unusually large. Filtered

seawater served as the negative control. A positive control,

to assess the percentage of larvae that were competent to

metamorphosis on the day of each experiment, consisted of

seawater whose K +
concentration had been elevated by 20

mM (Pechenik and Heyman, 1987; Pechenik and Gee,

1993). Other larvae were exposed either to the test solutions

Table 1

Summary of experiments conducted on the metamorphosis o/Crepidula
fornicata

Experiment
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Data analysis

Percentage data were arcsine transformed before analysis

(Sokal and Rohlf, 1981 ). Mean responses were compared by

one-way analysis of variance (ANOVA) unless variances

did not pass Bartlett's test of homogeneity, in which case

means were compared using nonparametric ANOVA
(Kruskal-Wallis KW statistic). When significant differences

among means were found, treatment means were compared

against control means using Bonferroni's method for mul-

tiple comparisons.

Mean shell lengths of larvae used in experiments were

compared using one-way ANOVA on untransformed data,

followed by Bonferroni's method for multiple comparisons

(sample means against mean shell length at the first assay

within an experiment).

All analyses were conducted using the programs Prism or

Instat (both from GraphPad, Inc.).

Results

The effects of chlorpromazine on larvae of Crepidula

fornicata were consistent among the four experiments (each

using larvae from a different female), but varied in inter-

esting and unexpected ways with exposure time and larval

age within experiments. With only one exception, at least

50% of larvae metamorphosed within 5-6 h when subjected

to 20 mM excess K+
(Fig. la). The lower initial response in

Experiment IV was an intended outcome of our experimen-
tal design, as we wished to begin testing the responses of

larvae that were just becoming competent to metamorphose;

by the third assay in that experiment, over 90% of larvae

were competent to metamorphose. In one experiment (Ex-

periment Ilia), larvae took 2-3 h longer to respond to the

excess K +
than in previous studies, so that initial responses

were recorded at 8 h rather than at 6 h. Fewer than 3% of

larvae metamorphosed during the first 5-8 h in seawater

controls (Fig. la); indeed, fewer than 10% of larvae had

metamorphosed in seawater controls by the end of 24 h (Fig.

Ib). Significantly more larvae (P < 0.01 ) metamorphosed
in response to excess K+ than in control seawater in all

experiments (one-way ANOVA followed by Bonferroni

comparisons between means).

In 1 1 out of 14 assays, chlorpromazine effectively

blocked the inductive action of excess K +
during the initial

5-8 h exposure periods (Fig. la. as indicated by the numeral

"2" above the relevant bars). Chlorpromazine failed to block

the stimulatory effect of excess K +
only for some of the

oldest or largest larvae tested. Optimal blocking of meta-

morphosis was achieved at a concentration of 10 ju,A/ chlor-

promazine; a concentration of 5 /a/W chlorpromazine did not

prevent excess K +
from inducing metamorphosis (data not

shown), and higher concentrations killed the larvae.

As larvae aged within Experiments I and IV. however,

chlorpromazine itself stimulated substantial metamorphosis

within the same 5-8-h exposure periods, and at least in

some assays, apparently became less effective in blocking

stimulation by excess K+
. For the larvae used in Experi-

ment I, for example, only about 10% of the larvae that were

subsampled on 17 May 2000 (Experiment la) metamor-

phosed in 10 p,M chlorpromazine within the first 6 h of

exposure. But when larvae from the same batch were sub-

sampled and tested 13 days later (Experiment If), 35% of

larvae tested at the same chloipromazine concentration

metamorphosed in the same amount of time, and chlor-

promazine did not inhibit the action of excess K +
at all (Fig.

la). In some assays, however, chlorpromazine stimulated

metamorphosis of older larvae while simultaneously sup-

pressing the inductive effects of excess K 4"

(see Experiment

III, for example. Fig. la).

Furthermore, over the subsequent 18 h or so that larvae

were exposed, chlorpromazine alone stimulated metamor-

phosis in all experiments, even for the youngest and small-

est larvae tested (see Table 1 ), relative to the incidence of

metamorphosis occurring in control seawater (Fig. Ib. in-

dicated by the numeral "1" above the relevant bars). In fact,

about as many larvae metamorphosed in response to chlor-

promazine by the end of 12 h as had metamorphosed in

response to excess K +
in the first 6-7 h (Fig. 2). By the end

of 24 h chlorpromazine had stimulated at least 80% of

larvae to metamorphose in 11 of 12 assays, even when

simultaneously blocking stimulation by excess K +
as in

Experiments Illb and IIIc (Fig. Ib). In addition, chlorprom-

azine in 24-h assays generally failed to block the stimula-

tory effects of excess K+
significantly.

The effects of the D, antagonist R+ were similar to those

of chlorpromazine and varied with larval age and exposure

duration. As with chlorpromazine, R+ inhibited the stimu-

latory effects of excess K +
for younger competent larvae

during 5-6-h exposures, but stimulated metamorphosis of

older competent larvae in the same amount of time. This is

seen most clearly in the comparison between Experiments

IVa and IVb versus Experiment IVd (Fig. 3a). And, as with

chlorpromazine (Fig. Ib), R+ alone stimulated substantial

numbers of larvae to metamorphose over 24 h in all but one

assay (Fig. 3b, significant effects indicated by the numeral

"1" above the relevant bars). In Experiment IV, however,

R+ effectively suppressed the effects of excess K +
on

younger and smaller competent larvae for the entire 24-h

period (Fig. 3b).

In marked contrast, SPIP by itself did not stimulate meta-

morphosis above control levels during any 6-8-h exposure,

and it blocked the stimulatory effect of excess K +
signifi-

cantly in only one experiment; even then, more than 45% of

the larvae metamorphosed (Experiment Ilia, Fig. 4a). Dur-

ing 24-h exposures, SPIP had a mildly stimulatory effect on

metamorphosis in four assays, spread across all four exper-

iments (le, II, Ilia, IVd), but the incidence of metamorpho-
sis was always significantly below (P < 0.01 ) that induced
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mine H, antagonist in some systems (Martinez and

Coleman, 1990; Oken, 1995) and may also elevate intracel-

lular concentrations of cyclic AMP or cGMP (by inhibiting

calmodulin-stimulated cyclic nucleotide phosphodiesterase;

Alfonso et ai, 1995), offering further possibilities for future

exploration. Elevated concentrations of cAMP play roles in

the signal transduction pathway of insect (Smith, 1995:

Gilbert et til.. 1997) and barnacle metamorphosis (Balamis

amphitrite: Clare, 1996; Yamamoto et ai, 1998), although

apparently not in the metamorphic pathway of the

polychaete H\droides elegans (Holm et ai, 1998). Finally,

chlorpromazine depletes serotonin in the central nervous

system of Lvmnaea stagnalis, but only after exposures of

much greater duration than those used in the present study

(Croll et al., 1997). Thus it is also possible, though less

likely, that chlorpromazine in our experiments stimulated

metamorphosis through an effect on serotonin concentra-

tion.

Competent larvae of C. fornicata become sensitive to

excess K +
about 12-24 h sooner than they become respon-

sive to adult-conditioned seawater, suggesting that excess

K +
acts at a point (or points) somewhat farther downstream

from where the natural cue acts (Pechenik and Gee, 1993;

see also Hadfield et ai, 2000). We cannot exclude the

possibility that the excess K +
may also depolarize the same

sensory receptor or receptors eventually acted upon by the

natural chemical stimulus; the sensory neurons might be-

come sensitive to excess K +
before the number of receptors

on those neurons is sufficient to allow depolarization by

natural chemical stimuli. Regardless of exactly where and at

how many points excess K+
acts, our working hypothesis is

that exposing larvae of C. fornicata to excess K +
leads to a

shutdown of NO synthesis via a dopaminergic pathway a

pathway that can be blocked by some dopamine antagonists.

Our results also suggest that chlorpromazine has an addi-

tional effect deeper in the metamorphic pathway of this

species, downstream from the dopamine receptor block,

possibly shutting down NO synthesis directly. The failure of

the NOS inhibitor L-NAME to stimulate metamorphosis in

our experiments could be an artifact of bath application;

Froggett and Leise (1999) stimulated metamorphosis in

Ilvanassa obsoleta through injection rather than bath appli-

cation.

Alternatively, chlorpromazine might instead (or in addi-

tion) be stimulating metamorphosis in this species by ele-

vating concentrations of calmodulin-dependent cyclic nu-

cleotide phosphodiesterase. Either of these secondary roles

could explain why chlorpromazine can act both to inhibit

the stimulatory effects of excess K +
and to stimulate meta-

morphosis on its own.

It is also clear that the responsiveness of C. fornicata

larvae to chlorpromazine and R+ changed over time in our

experiments, probably reflecting age-related changes in lar-

val physiology. Such age-related changes in response were

seen even in Experiment I, in which the mean shell length

of larvae tested in the different assays did not increase

significantly over time (Table 1, Fig. 1). Previous studies

with this species indicate that neither absolute size nor

absolute age are good indicators of physiological state

(Pechenik and Heyman, 1987; Pechenik et ai, 1996b). It is

also possible that the different results of assays within an

experiment reflect physiological differences between faster

and slower-growing larvae, since for each assay we delib-

erately selected the largest individuals available within a

culture (although avoiding any unusually large larvae). As-

suming that the different responses are in fact age-related,

our results may have some bearing on the phenomenon of

"spontaneous metamorphosis" (Crisp, 1974; Pechenik,

1984, 1990). If metamorphosis of competent larvae is pre-

vented, in the absence of an appropriate external cue, by the

presence of an endogenous inhibitor such as NO, then

spontaneous metamorphosis may reflect an eventual end to

the endogenous production of that inhibitor (Chia, 1978;

Pechenik and Qian, 1998). A gradual decline in inhibitor

titer might explain the age-related effects of chlorpromazine

on metamorphosis documented in this study: chlorproma-

zine, acting as an inhibitor of NOS, would have a more

rapid effect on metamorphosis of older competent larvae, as

seen in the present study, if NO liters were declining natu-

rally as the larvae aged. More detailed work on the effects

of NO donors and NOS inhibitors in competent larvae of C.

fornicata, following the protocols of Froggett and Leise

(1999), could be productive, along with additional studies

on the potential role of cAMP (and cGMP) in the signal

transduction pathway.

It is worth pointing out that the complexity of our results

arises from the apparently novel way that we conducted

these experiments. If we had tested larvae at one age for

example when at least 60% of larvae subsampled from a

culture were first competent to metamorphose and if we

had monitored our assays only at 24 h. our results would

probably have been more straightforward. In general, we

would have found that the putative dopamine antagonists

that we tested did not block the effects of excess K"
1

", and we

would have failed to find substantial support for the involve-

ment of dopamine receptors in the metamorphic pathway, or

at least that portion of the pathway activated by excess K +
.

On the other hand, had we sampled only at 5-6 h, our

results would have been far more erratic and difficult to

interpret, both in the ability of the pharmacological agents to

block the effects of excess K +
and in their ability to stim-

ulate metamorphosis directly (Figs. la. 3a). Only by mon-

itoring changes in the responses of competent larvae sub-

sampled from individual cultures over time were we able to

determine that the ability of chlorpromazine and R+ to

block the stimulatory effects of excess K+
diminished as

competent larvae aged, and that the stimulatory effects of

the pharmacological agents themselves increased as the
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larvae aged and as experimental duration was prolonged.

Perhaps the most interesting contribution of the present

study is its demonstration that the effects of pharmacolog-
ical agents on metamorphosis can change dramatically as

competent larvae age. and as experimental duration is

changed: timing is everything. It might be worth revisiting

other marine invertebrate models in this light.
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Abstract. Taxonomic accounts of octopodids frequently

describe the spermatophore. the penis that releases the sper-

matophore from the internal organs, and the ligula and

calamus that transfer it to a female. To explore relationships

among these male features and body size, this study applies

principal components analysis to data from 43 species of the

family Octopodidae, or benthic octopuses. Covariation in

penis and mantle length opposed by covariation in ligula

and calamus lengths forms primary shape variation. Sec-

ondary shape variation is due to opposing variation between

ligula and calamus lengths. Primary shape variation is great-

est among shallow-water species. The calami and ligulae of

diurnal and crepuscular shallow-water species are short

compared to those of nocturnal shallow-water species. Be-

cause these structures contain heterogeneous collagen ar-

rays and lack camouflaging chromatophore organs, they are

white. Diurnal and crepuscular octopus species may mini-

mize their lengths due to selection imposed by visual pred-

ators. Secondary shape variation is greater in deep-sea and

high-latitude octopuses. Members of Voss's Eledoninae

(except Eledone) and Graneledoninae and two species of

Benthoctopus have exceptionally long calami and compar-

atively short ligulae; these lengths vary among members of

the Bathypolypodinae. Variation in spermatophore length is

independent of the structures considered.

Introduction

Male octopuses package sperm into spermatophores as it

moves from the testis to the wholly internal penis, or ter-

minal organ. To initiate sperm transfer, the muscular penis,

which is continuous with the penial diverticulum, propels a

stored spermatophore through the funnel to a groove on the

ventral margin of the hectocotylus. one of the third arms

Received 12 September 2001; accepted 2X January 2002.

E-mail: jvoight@tieldmuseuni.org

(usually the right) that is shorter than the opposite arm. The

spermatophore travels the length of the arm to its suckerless

tip. At the arm tip, the aboral ligula, which depending on

species can occupy from 3% to 38% of the arm length, is

closely opposed by the shorter calamus. These structures

presumably position the spermatophore in the female's ovi-

duct prior to the release of sperm (see Mann, 1984).

Among the Octopodidae, or benthic octopuses, ligula and

calamus morphology is extremely variable (Robson, 1926).

Because the ligula and calamus function with the penis to

transfer spermatophores at copulation, and thereby increase

male fitness, these characters may evolve as a unit rather

than independently. Voss (1988), for instance, suggested

that the large spermatophores and ligulae and calami of

deep-sea taxa are causally linked. This hypothesis had yet to

be tested by exploration of covariation among the features

that handle spermatophores in mating.

This paper explores variation among spermatophore, pe-

nis, calamus, and ligula lengths, as well as mantle length, in

43 species to examine patterns of variation and to reveal

morphological diversity in the family. Possible functional

and ecological constraints that affect their morphology are

discussed.

Materials and Methods

Mantle length, spermatophore length, penis length, ligula

length, and calamus length of 135 specimens representing

43 species were compiled from literature reports (n = 102)

and from 33 preserved specimens (Appendix). Generally,

published accounts reported measurement data only as in-

dices, forcing the original measurements to be back-calcu-

lated. All measurements were log-transformed to base 10

prior to analysis. Log-transformation equalizes error

whether the result of measurement error, investigator bias,

or the use of back-calculated measurements over the wide

I4S
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size range considered and minimizes the effect of outliers

(Bookstein et al.. 1985; Strauss, 1985).

The characters chosen for this analysis are those of sper-

matophores and features that handle spermatophores during

copulation; mantle length is included as the standard indi-

cator of body size. Four other characters sperm reservoir

length, penis (terminal organ) diverticulum length, and the

lengths of the third arm pair had to be excluded from the

analysis due to the following concerns. Sperm reservoir

length is so tightly associated with total spermatophore

length that it cannot function as an independent variable

(Voight, 2001). The penis diverticulum is continuous with

the penis, or terminal organ, proper. Homologies of the end

points of the penis diverticulum were questionable, hence

its length measurement was excluded. Because the divertic-

ulum and penis are continuous, and subject to deformation

apparently related to preservation (Alvina. 1965). their com-

bined in situ anterior-posterior length was measured. Voight

(1993) documented that arm length contributes considerable

size-free shape variation within the Octopodidae. Prelimi-

nary analyses found that length variation in the hectocotylus

and the unmodified third arm is strongly linked to overall

species morphology; to focus this exploration on reproduc-

tive characters, arm lengths were not considered.

The measurement of penis length also presented potential

problems. This measurement, from the extreme posterior tip

of the penis diverticulum to the most cephalad part of the

penis near the mantle aperture, generally parallels the ven-

tral mantle septum and seems comparable with other ex-

tremal distances. The penis and diverticulum of some spec-

imens, especially in the O. aegina group, can curve away
from the mantle septum and. in extreme cases, become

recurved (e.g.. Sasaki, 1929; Adam, 1960). Use of the linear

penis length measurement ignored any curves; as a result,

penis length may have been underestimated in some spec-

imens. Calamus and ligula lengths are measured from the

distal sucker to the tip of each of the arm modifications

(Fig. 1).

The specimens included in the analysis sample the

benthic octopodids as completely as possible, considering

that the analysis requires matrix manipulations that force

specimens without complete data to be deleted. For in-

stance, within Eledone. only E. palari could be included,

because only in this species is the calamus present. Regard-
less of whether the calamus of Eledone is represented in the

analysis as missing or as zero, the pertinent specimens must

be deleted because the log of zero is undefined. Thirteen

currently recognized octopodid genera are included here,

although sometimes by only one individual (see Appendix
1 ). Although Cistopus also reportedly lacks a calamus, the

calamus in the specimen examined could be reliably mea-

sured, in contrast to the specimens of Eledone examined. To
allow inclusion of a representative of Euaxoctopus, sper-

matophore length reported for one specimen had to be

combined with data from another specimen. Although phy-

logenetic relationships among the Octopodidae remain ob-

scure (Voight, 1997), three informally recognized species

groups (e.g., Robson. 1929; Norman and Sweeney. 1997)

are treated here.

Members of the Octopus vulgaris species group tend to

be large, with the dorsal arms and web sector shortest. The

ligula and calamus are small and. depending on the species,

prominent ocelli may be present. Several members of this

group are active during daylight hours (Hanlon. 1988; Han-

Ion and Messenger, 1996). Members of the O. aegina group
listed by Norman and Sweeney ( 1997) tend to be medium in

size, with the dorsal arms and web sector dramatically the

shortest (Robson. 1929). The penis and its diverticulum can

be very long; warts characterize the skin texture, ocelli may
be present on the web, and longitudinal lines of color often

occur on the arms and mantle (Robson, 1929; Norman and

Sweeney, 1997). Species in this group are considered to be

crepuscular (Norman and Sweeney, 1997). although O. bur-

ryi has been identified as nocturnal (Hanlon, 1988). Species

of the O. macropus group tend to be large with the dorsal

arms and web sector the longest, and red and white in color.

Activity among these species appears to be exclusively

nocturnal (Hanlon, 1988; Norman, 1993a). The O. (Abdo-

pus) subgenus of Norman and Finn (2001) includes long-

armed Indo-West Pacific species with small mantles and

complex skin textures. Members of the subgenus reportedly

occur only in the intertidal zone, and some forage during

daylight low tides (Norman and Finn. 2001 ).

To explore morphological variation among the five mea-

surements in 135 specimens, the data matrix was analyzed

by principal components analysis (PCA) using a covariance

matrix in SySTAT version 9 (SPSS). PCA assesses shape

and size variation without a priori group determinations. If

all characters used in the analysis are assigned uniformly

large positive loadings on a component, usually principal

component 1 (PCI ). that component is considered to repre-

sent covariation due to size. Shape variation is attributed to

secondary components, with the magnitude and sign of the

loadings indicating their relative contribution and relation-

ship to other characters. Plots of specimen scores on the

shape components PC2 versus PC3 help to visualize the

size-free shape similarities and differences among the spec-

imens considered.

Because the reproductive characters considered in this

analysis enlarge as males mature rather than as they grow,

including less than fully mature males in the analysis would

complicate the calculation of the size component. To ensure

a strong size component and heighten comparability among

species represented by mature males of different sizes, an

attempt was made to include only fully mature males. Males

were excluded if they had short mantles, penises. ligulae,

and spermatophores relative to those of conspecifics.

Evidence of investigator bias was assessed by comparing
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individual specimen scores within species groups and

within species, in the few cases in which different investi-

gators reported data for a single species. Bivariate plots of

log-transformed data in Microsoft Excel were used to ex-

plore patterns of variation discovered by the PCA. Because

these plots did not require that each specimen be repre-

sented by all five measurements, all possible specimens
were included, except specimens of the Atlantic species of

Eledone that Voight (2001) found to be unique among the

octopodids.

To further test the hypothesis that spermatophore size is

causally linked to ligula and calamus length, the greatest

width of the spermatophore was considered post hoc. This

measurement, usually taken at the sperm reservoir, is infre-

quently reported. Weill ( 1927) found in fresh specimens that

spermatophore width varies with the salinity of surrounding

fluid. If the salinity of the fixative affects spermatophore
width in preserved specimens, the measurement may be

unreliable. This possibility could not be tested because data

within a species and information on specimen preservation

were too limited. With the limited data available, the rela-

tionships between spermatophore width and ligula and ca-

lamus lengths were explored by plotting log-transformed

spermatophore width data versus specimen score on PC3 for

87 specimens.

Results

PCA revealed most variation in the data set to be due to

size differences among the specimens considered (Table 1 ).

Shape variation on PC2 was dominated by covariation in

penis and mantle lengths in opposition to covariation of

ligula and calamus lengths. PC3 revealed shape variation

created by opposing variation between ligula and calamus

lengths. Spermatophore length contributed minimal shape

variation on either PC2 or PC3 (Table 1 ); it was the major
source of shape variation on PC4, due largely to species of

the Octopus aegina group.

Mean scores on PC2 and PC3 for each species are re-

ported in the Appendix, and individual scores are plotted on

Figure 1. Shallow-water species show extreme variation on

PC2. With near zero or negative scores on PC3, Cistopus

and the diurnal and crepuscular groups of Octopus vulgaris

(with the exception of O. filosus) and O. aegina (with the

exception of O. polyzenia), which overlap extensively, have

positive PC2 scores that reflect their small ligulae and

calami and long mantles and penises. In direct opposition,

negative PC2 and near zero PC3 scores of Ameloctopus
litoralis and Eitaxoctopus pillsbuiyae reflect their long li-

gulae and calami and short mantles and penises. With

slightly stronger negative PC3 scores and therefore longer

ligulae, O. australis, O. berriina, Bathypolypus arcticus,

and Bentlini,\'iii/s spp. are also negative on PC2. Most

members of the O. macropus group score near zero on PC2

Table 1

PCA (principal components analysis) component loadings for the five

length variables considered

PCI PC2 PC3 PC4

Log mantle length
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Figure 1. Plotted are individual specimen scores on principal components 2 versus principal components 3.

Large positive PC2 scores indicate long mantles and penises and short ligulae and calami; large negative PC2

scores represent the converse. Large positive PC3 scores represent comparatively short ligulae and long calami,

large negative PC3 scores represent the converse. The inset hectocotylus tips of Graneledone pacifica (above),

adapted from Voss and Pearcy (1990), and Octopus dieiythrueus (below), adapted from Norman (1993a),

illustrate the differences on PC3. Octopuses with one sucker row cluster at the top of the plot and are outlined

by a line of long dashes: included are specimens of Graneledone pacifica represented by i-r: those ot Eledone

palari by . ; those of Pareledone chctrcoli, P. harrissoni, and Vosseledone charrua by heavy bars. Members of

the O. vulgaris group are represented by D; all except O. filosus are outlined with a fine dashed line. The O.

aegina group, with O. polvzenia at the far left, is represented by hollow bars, and the complete group is outlined

by a dotted line. Overlapping these two groups are two specimens of O. rapanui, symbolized by ~/V, that were

assigned to the O. macropus group by Norman and Sweeney ( 1997). Members of this group (represented by A)

are outlined with a line of dashes and dots; specimens of O. macropus have the two most positive PC2 scores.

Specimens of Octopus (Abdopus), represented by *. are outlined by a line of alternating dashes. indicates

long-armed octopuses not assigned to O. (Abdopus): at the far left are two Ameloctopus liroralis: the third from

the left is Euaxoctopus pillsburyae; specimens of O. defilippi overlap those of Octopus (Abdopus). Individuals

of 0. berrima and O. australis, which are inseparable on this plot, are represented by O. They, as do many other

species, overlap Voss's Bathypolypodinae, indicated by A, and outlined by a dashed line. The far right *

indicates Cistopus, other -k represent miscellaneous species with scores reported in the Appendix.

the percent of variation explained drops to 36.8% in 297

specimens.

No discernible relationship exists between the PC3 score

and spermatophore width in 87 specimens. If species that

produced wide spermatophores had long ligulae or calami,

the plot would show a U-shape, which it does not. If

production of wide spermatophores were associated with

either a long ligula or calamus, there would be a significant

correlation, which does not exist. There is no pattern with

the geographic distribution of the specimens. Deep-sea

specimens have either narrow or wide spermatophores, as

do those from shallow-water tropical latitudes. Although

members of Graneledone and Voss's Eledoninae have the

highest scores on PC3 and the widest spermatophores. the

specimen of Bathypolypus included had very wide sper-

matophores and a negative (-0.75) PC3 score. Most mem-

bers of Octopus (Ahdopus) and Ameloctopus had remark-

ably and consistently narrow spermatophores. regardless of

their PC3 score.

Discussion

Among the specimens of benthic octopodids considered,

mantle and penis lengths covary and oppose variation in
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ligula and calamus lengths (Table 1 ). The covariation seen

on PC2 in mantle and penis lengths may result from func-

tional constraints. The octopus penis, because it is contained

within the mantle, tends to vary in concert with mantle

length rather than independent of mantle length. If the

maximal lengths of the exceptionally long curved penises of

some species of the Octopus aegina group had been fully

considered in this analysis, they would covary with the very

long spermatophores of these species that in this analysis

contribute most shape variation to PC4 (Table 1).

Underlying the covariation discussed above is opposing

variation between ligula and calamus lengths, which appar-

ently was previously unsuspected. Spermatophore length

does not covary with ligula or calamus length, nor does

spermatophore width. If, however, during copulation the

ligula, the calamus, or both hold the spermatophore at its

narrow ejaculatory apparatus, rather than at its widest part,

a functional relationship may exist undetected; currently,

however, ligula and calamus lengths must be assumed to be

free of functional constraints. Variation in these lengths may
relate to environmental factors.

Most shallow-water diurnal and crepuscular species, in-

cluding some species of Octopus (Abdopus) and the O.

vitlgaris and O. aegina groups, have more positive PC2

scores and thus shorter ligulae and calami than do shal-

low-water nocturnal species from comparable latitudes,

such as members of the O. macropus group, Ameloctopus

litoralis and O. joubini. The ligula. the calamus, and the

groove on the ventral arm that moves the spermatophore to

the tip of the hectocotylus lack the chromatophore organs

that camouflage cephalopod skin (Racovitza. 1894). Histo-

logical sections of these features reveal abundant collagen

fibers in a heterogeneous array (J. Thompson. University of

North Carolina, pers. comm.). Heterogeneous collagen ar-

rays reflect light (Johnsen and Widder, 1999), to make these

structures appear white rather than translucent (S. Johnsen,

Duke University, pers. comm. ). Their white color may make

these structures conspicuous and, especially in diurnal and

crepuscular octopuses, vulnerable to visual predators. Al-

though octopuses regenerate lost and damaged arms, includ-

ing the hectocotylus (Callan. 1939), the fitness cost of

damage to the hectocotylus may be high. Males typically

hold the hectocotylus in a coiled position, perhaps both to

conceal it and to protect its tip (Naef, 1923). Physically

minimizing the ligula and calamus in diurnally active octo-

puses may further reduce the risk of predation and preserve

a male's ability to copulate.

The contrast between ligula and calamus lengths of diur-

nal versus nocturnal species parallels the contrast in body

patterning complexity in these species, hypothesized to re-

sult from selection by visual predators (Hanlon and Mes-

senger, 1996). Diurnal species in complex habitats are hy-

pothesized to have the most complex body patterns because

visual predators exert the greatest selection on this group;

nocturnal species, and those occurring on more uniform

habitats such as sediment, are predicted to show simpler

body patterns because visual predators have less effect

(Hanlon and Messenger, 1996). Hanlon and Messenger

(1996) could not document body patterning complexity

among octopuses from deep-sea and high-latitude environ-

ments where visual predators are thought to be rare. If ligula

and calamus lengths reflect the level of predation by visual

predators, octopuses from these areas are predicted to have

long ligulae, calami, or both. This study supports this pre-

diction with two opposing patterns.

Long calami characterize most species of Voss's ( 1988)

Eledoninae (except Eledone), which are Antarctic and deep-

sea in distribution; species of the deep-sea Graneledoninae;

specimens of O. campbelli (from 52 S); and two speci-

mens of the deep-sea genus Benthoctopus. Voss ( 1988) did

not cite calamus length as unifying members of his Eledo-

ninae (exclusive of Eledone, which lacks a calamus) and

Graneledoninae. Species of Bathypolypus and Bcnthocto-

piis. which compose the Bathypolypodinae, Voss's other

subfamily of deep-sea and high-latitude species, are less

uniform. Differences in ligula and calamus lengths of these

species may reliably reflect their evolutionary histories,

notably their polyphyletic origin.

The minute ligula and calamus and large body size help

unify the O. vulgaris group (Pickford and McConnaughey,

1949); the former two features appear to ally this group with

the O. aegina group. These groups, in fact, may have been

extensively confused in the past. Some members of both

groups have ocelli on the web; all species have short dorsal

arm pairs and dorsal web sectors and enlarged suckers on

the second and third arm pairs of mature males. If the O.

aegina and O. vulgaris groups are closely related, the small

ligula and calamus may be ancestral. The differences O.

filosus shows compared to the other members of O. vitlgaris

suggest, however, that morphology or the relationship be-

tween male reproductive organ size and mantle length in

this fairly small species is plastic.

Although morphology of copulatory organs may reflect

history, variation exists within the widely recognized spe-

cies groups of O. vitlgaris and O. aegina. Octopus polyzena

of the O. aegina group and O. filosus of the O. vnlgaris

group have long ligulae and calami. The ecology of O.

/>o/\'-t'iiia is virtually unknown. Members of O. filosus have

been most often collected at fish poison stations on Carib-

bean coral reefs (Voss. 1953; Burgess, 1966). If their high

degree of crypsis and use of secluded reef habitats effec-

tively protect them from visual predators as well as from

humans, visual predators may impose minimal selection on

members of this species. Among species assumed to be

nocturnal, the short ligula and calamus of O. nipunui place

it with diurnal and crepuscular species, rather than with

other members of the nocturnal O. imicropus group. Voss

(1979) indicated that this species was only superficially
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similar to members of the O. macropus group; Norman and

Sweeney ( 1997) implicitly disagreed when they assigned it

to the group. Additional natural history data on this and

other little known species would test the hypothesis that

selection by visual predators limits ligula and calamus

length in diurnal and crepuscular species.

One taxon that could not be included here. Grimpella

tluiumastocheir. was described by Robson (1928) as having

a huge calamus. Although Robson allied this taxon to

Bathvpolypus and Benthoctopus. as did Voss (1988), the

results reported here show that most members of those

genera have a longer ligula than calamus. Grimpella there-

fore appears more similar to O. camphelli, another species

from cold southern waters (Stranks and Norman, 1993).

That both Robson and Voss allied this species with those

with longer ligulae, rather than with those with large calami,

suggests that neither worker recognized or gave credence to

the difference the present analysis emphasizes.

Lu and Stranks ( 1991 ) acknowledge that the presence of

a calamus makes E. palari unique among species of Ele-

done, and they recognize that the calamus is unusually large

in that species. They assigned the species to Eledone be-

cause its male arm tips are hetermorphic, a feature that is

otherwise unique to that genus. They clearly assumed that

the heteromorphic arm tips were derived from a common

ancestor and that the calamus, an octopodid plesiomorphy.

was lost in the ancestor of the Atlantic species of the genus.

Given the striking similarity between calamus and ligula

length in this species and in members of Pareledone, the

consistency of the geographic and depth distributions of E.

palari and the circum-Antarctic species of Pareledone. the

homology of the arm modification merits reinvestigation.

It has been argued that visual predators have strongly

impacted cephalopods through their evolution (Packard,

1972, 1988). This study suggests that the influence of visual

predators extends to the mechanics of copulation itself. The

degree to which the lengths of the calamus and ligula reflect

evolutionary history versus ecological pressures will remain

unknown until we develop a better understanding of the

natural history of the organisms.
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Appendix

Listed here are species by species xroup. with each species' mean PC2 ami PC3 scores reported in parentheses, the

mantle length of each specimen considered and the sources of the data and specimens that contributed to this analysis.

Specimen depositories are ANSP, Academy of Natural Sciences, Philadelphia: CAS, California Academy of Sciences:

FMNH. Field Museum of Natural History: UMML, University of Miami Marine Laboratories.

Species group of Octopus vulgaris: Octopus vulgaris

d.447; -O.I 43): A 1.90. 101. 49. 45 (Pickford, 1945. 1946).

O. velisem (1.037: 0.126); 84: UA. O. filosus (-0.324:

0.707); 10. II, 12. 13, 13.5, 14, 15 (//
= 2). 16, 16.5 (//

=

2), 17, IS, 22. 24.5, 27, 28, 29. 34, 37 (Alvina, 1965). O.

c\anea (1.38 1 ;().() 1 7); 49.8 (;;
= 2), 103.90; = 2). 105.6.

127.1 (n = 2) (Norman. 1991)

Species group of Octopus aegina: O. ac^ina (0.457;

-0.069); 31.9. 42.3 CAS 077992; CAS 077993. O. /><>-

l\:.ena (-0.818; -0.050); 26.3 (Norman, 1993b). O. e.\an-

niilatus (1.23; 0.064); 37.2, 41.7, 45.4 (Norman, 1993b);

38.7; 42.3 CAS 077990. O. mototi (0.377; 0.548): 66.2, 70.5

(Norman. 1993b). O. hunyi (0.117: 0.657): 39 (Voss.

1 95 1 ).

Species group of Octopus macropus: O. macropus

(0.929; -1.208); 115 (Pickford, 1945). O. alphcits (0.094;

-0.360): 61.9, 63.9. 74.2 (Norman, 1993a). O. aspilosoma-

lis (-0.255; 0.783); 37.3. 42.2, 83.2 (Norman. 1993a). O.

rapunui (1.557; 0.029); 113. 115 (Voss, 1979). O. ornalus

(-0.182; -1.686); 103.5. 104.2 (Norman. I993c). O. grap-

tits (0.055; -0.587); 157.9 (Norman. 1993a).

Species assigned to the Eledoninae of Voss 1988:
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Pareledone charcoti (-0.134; 0.777); 55.5. 71.6 (Kubodera

and Okutani. 1994); 34.8 UMML 31.2561. Pareledone har-

rissoni (1.637; 0.673); 96 (Kubodera and Okutani. 1994).

Megaleledone sp. (0.195; 1.060); 67.8 UMML 31.2562.

Vosseledene charrua (-0.166; 1.28); 49. 50 (Palacio.

1978). Eledone palari (-0.025; 1.373); 32.1; 34.4: 37; 37.9

(i!
= 2), 38.3; 38.7; 39.6 (Lu and Stranks, 1991 ). Granele-

done pacifica (0.268; 1.679); 85 (Voss and Pearcy, 1990);

77.9. 83.2, 86.9. 94.4. 98.4, 106.3. 116.4 FMNH uncat.;

FMNH 278061; FMNH 278062; FMNH 281001; FMNH
281002; CAS 031474; CAS 061434.

Species assigned to the Bathypolypodinae of Voss

1988: Bathypolypus arcticus (-1.259; -0.807); 56.8

FMNH 278080. B. piscatorum (-0.059; 0.890); 125.1

FMNH 28 1 720. B. yaquinae ( -1.068; 0.358); 29. 1,31 (n =

2), 33.4 FMNH 278308; FMNH 278309; FMNH 278311.

B. macrophalhts (-0.018; 1.130); 83 (Voss and Pearcy.

1990). Bentlwctopus sp. a (-0.557; -1.505); 48.8 FMNH
278066. Benthoctopus sp. b (-0.256; -0.718); 45 CAS
018763.

Octopus (Abdopus): O. (A.) aculeatiis (-0.213;

-0.503); 35.3, 41.4 (Australia) (Norman and Finn. 2001).

O. (A.) cf. aculeatus (1.081; -1.361); 25.5, 29.3. 40.5, 45.9,

47.6. 57.8 (Thailand) CAS "7987; CAS 078001; CAS
078002 (n =4).O.(A.)> v,/.v < 1.480; -1.948); 40.

42.1 (Norman and Finn. ..
i 0. (A.) n sp. (-0.581;

-0.602); 38.3. 40.7. 44.4. 4.x :. 15 6. CAS 077999 (n = 3);

CAS 078000 (n = 2).

Long-armed octopuses: Amelocropns litomlis (-2.556;

-0.164): 14. 15.9 (Norman, 1992). O. defilippi (0.914;

-1.296); 25.5, 39 (Voss, 1964). Euaxoctopus pillsbumie

(-1.486; 0.171); 24 (Voss, 1975).

Octopus anstralis and berrima: O. mistrails (-1.22;

-1.001); 27.1, 40.5, 45.2, 46.5, 57.6, 58.2, 60.4, 67.1, 68.7

(Stranks and Norman, 1993). O. berrima (-1.043;

-0.964); 31.3. 32.6, 36.3, 58.9. 63.5. 79.6 (Stranks and

Norman, 1993). O. berrima. as O. anstralis (-0.993;

-0.804); 45 (n = 2), 54. 56. 67 (Tait, 1982).

Miscellaneous species with uncertain affiliation: Octo-

pus briareus (-0.336; 0.445): 46 (Pickford. 1945). O. jou-

bini (0.233; -0.193): 17, 36 (Pickford, 1945). Enteroctopus

magnificus (0.274: -1.136): 285 (Villanueva et al.. 1991).

O. zonanis (-1.148: 0.564); 19 (Voss. 1968). O. campbelli

(0.184; 1.443): 34.1 (Stranks and Norman, 1993). Cistopus

sp. (2.685: 0.303); 47.8 ANSP 6394. Vulcanoctopns hydw-
thennalis (-0.625; 0.450); 43.9 FMNH 287365.
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Abstract. In controlled laboratory experiments, colonies

of Podocor\iui carnea typically overgrow and kill colonies

of Hydractinia symbiolongicarpus. Generally, these exper-

iments have used colonies grown from tissue explants

(clonal replicates) surgically removed from mature colonies

taken from natural populations. In contrast, experiments

involving interspecific bouts between small, sexually pro-

duced colonies reveal that both the characteristics and out-

comes of competition differ from previous studies. During

competition between small sexually produced colonies, H.

symbiolongicarpus exhibits directional growth toward P.

carnea and produces nematocyte-rich hyperplastic stolons

more readily than P. carnea does. Nevertheless, P. carnea

can still overcome H. symbiolongicarpus if it initially grows

away from the contact zone and subsequently flanks H.

symbiolongicarpus. Overall, sexually produced colonies of

H. symbiolongicarpus destroyed their P. carnea counter-

parts in more than 35% of competitive bouts, whereas P.

carnea dominated their H. symbiolongicarpus counterparts

in all similar encounters between clonally produced colo-

nies. In natural populations, competition between small

sexually produced colonies of H. symbiolongicarpus may

predominate, and these results support the hypothesis that

this species is adapted to competition early in colony de-

velopment. More generally, studies of competition between

sexually produced colonies should complement similar

studies of clonally produced colonies.

Introduction

Colonial animals can be described morphologically as a

collection of iterated modules or ramets interconnected by a

common vascular network. The arrangement of modules

and vascular connections defines two contrasting colonial

Received 14 AuguM 2001; accepted 12 December 2001.

fhor\ com spondence should be addressed. E-mail: rip@niu.edu

morphologies and associated life histories (e.g., Larwood

and Rosen. 1979; Jackson el ai, 1985; Buss and Blackstone,

1991). Briefly, "sheets" exhibit a robust morphology, hav-

ing tightly packed modules interconnected by short vascular

stolons. Specialized to particular habitats, sheets are typi-

cally good competitors and persistent over time. In contrast,

"runners" tend to have a haphazard distribution of modules,

and they are typically transient generalists that are compet-

itively inferior to sheets but can potentially escape compet-

itive encounters through copious asexual or sexual propa-

gation. Within these extremes, many colonial organisms

display varying degrees of morphological plasticity in re-

sponse to environmental conditions, which probably en-

ables them to adapt to heterogenous environments (e.g., de

Kroon and Mulchings, 1995; Umeki. 1995; Stuefer, 1996;

Kleijn and Van Groenendael. 1999; Muko et al.. 2000;

Equiza et al., 2001).

The colonial hydroids Podocoryna carnea and Hydractinia

svmbiolongicarpus (Cnidaria: Hydrozoa) occur sympatrically.

Both encrust gastropod shells of paguriid hermit crabs in North

American nearshore waters of the Atlantic Ocean. Although

genotypic and phenotypic variation does occur, each is more or

less representative of the extremes of the classic runner-sheet

dichotomy. Specifically, P. camea is runner-like and H. sym-

biolongicarpus is sheet-like (e.g., McFadden. 1986; Black-

stone and Buss, 1991; Buss and Blackstone, 1991; Van Winkle

et al., 2000). The former has sparse, unevenly spaced modules,

whereas the latter develops a tight network of evenly spaced

modules and grows over available space more slowly. Addi-

tionally, the ectoderm fuses between stolons of H. symbiolon-

gicurpiix within 2 weeks after metamorphosis from planula

larvae. This stolonal "mat" (Hauenschild. 1954, 1956) expands

from the colony's center to encompass existing peripheral

stolons and slowly deposits a thick, chitin-like understory,

which markedly increases the sheet-like appearance of these

colonies.

156
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Although H. symbiolongicarpus and P. carnea display

contrasting life-history characteristics consistent with run-

ner and sheet generalizations, such is not the case with

competitive ability. Previous work using clonally produced

colonies has shown that P. carnea is almost invariably the

competitive dominant to H. symbiolongicarpus under labo-

ratory conditions (McFadden, 1986; Van Winkle el <//.,

2000). Additionally, P. carnea covers available space faster

and responds more aggressively to foreign tissue (Tardent

and Buhrer. 1982; Buss et al., 1984; McFadden ct al.. 1984;

McFadden. 1986; Lange et al., 1992; Van Winkle et al.,

2000). A unique aspect of cnidarian biology can explain

these disparities: competition in hydroids is mediated by

cnidarian-specific cells (nematocytes) actively deployed

from hyperplastic stolons. These specialized stolons de-

velop only from previously existing stolons or from a par-

ticular type of mat tissue termed astogenetic mat (Buss and

Grosberg. 1990), and they represent an example of an

inducible defense (c,f.. Frank. 1993; Harvell. 1990). Thus,

competitive ability in hydroids is largely determined by

colony morphology, and runner-like colonies have consis-

tently been shown to be superior competitors, presumably

due to their extensive peripheral stolons (McFadden et al..

1984; Buss and Grosberg, 1990; Yund. 1991).

Regardless of its competitive inferiority. H. symbiolon-

gicarpus is far more abundant than its competitor on small

gastropod shells occupied by Pagiims longicarpus (Yund et

at.. 1987; Buss and Yund, 1988; Yund and Parker. 1989).

and colonies eventually cover the entire shell surface, thus

excluding further larval recruitment. Although P. carnea

can be found on small, rough-surfaced shells (e.g., Nassa-

rius trh'ittatus) amidst shells covered by the more common

H. symbiolongicarpus, these colonies are small, rarely cov-

ering the shell surface entirely (Buss and Yund, 1988). In

natural populations of H. symbiolongicarpus, competition is

probably more common among small, newly established

colonies shortly after the metamorphosis of larvae generated

by sexual reproduction than among older, well-established

colonies (Yund et al.. 1987). Thus, competitive encounters

among young, sexually produced hydroid colonies in nature

and those experimentally induced among clones of un-

known age may be qualitatively different. Nevertheless,

studies of both intraspecific and interspecific competition in

these hydroids have been limited exclusively to clonal rep-

licates usually taken from well-established colonies of un-

known age in natural populations (Hauenschild, 1954, 1956;

Braverman and Schrandt, 1966; Tardent and Buhrer, 1982;

McFadden, 1986; Miiller et al., 1987: Plickert et al.. 1987;

Lange et al., 1989; Buss, 1990; Buss and Grosberg, 1990:

Blackstone and Buss, 1991; Yund, 1991; Grosberg et al..

1996: Van Winkle et al.. 2000).

Considerable recent work regarding age-specific varia-

tion in growth, morphology, and competitive ability has

focused on plants (e.g., Lundberg et al.. 1996: Bertschy.

1998; Moora and Zobel, 1998). which are similar to colonial

animals in developmental mode and morphology (i.e.. mod-

ular organization). Colonial hydroids also seem to display

age-specific differences in growth and morphology, and

these differences could affect competitive ability at different

stages of colony development. Clonally produced colonies

(clonal replicates) of H. symbiolongicarpus exhibit impor-

tant morphological and physiological differences relative to

newly established (hereafter termed sexually produced) col-

onies. First, the development of stolonal mat is delayed for

up to 2 weeks in sexually produced colonies, whereas

clonally produced colonies always exhibit these mats. Sec-

ond, sexually produced colonies initially produce many
more peripheral stolons than clonal replicates do, and the

morphological shift associated with stolonal mat formation

is accompanied by a decrease in the rate of flow of gastro-

vascular fluid to peripheral stolon tips (Blackstone, 1996).

In contrast, the flow rate to stolon tips gradually increases

after metamorphosis in P. carnea (Blackstone, 1996), which

tends to grow more sheet-like only after sexual maturity,

never becoming as sheet-like as H. symbiolongicarpus. Due

to the qualitative differences between early growth in sex-

ually produced and clonally produced colonies, it is plausi-

ble that such colonies may also display age-specific differ-

ences in competitive ability.

We examined interspecific competition between H. sym-

biolongicarpus and P. carnea during early post-metamor-

phic development of sexually produced colonies and like-

wise between clonally produced colonies. We sought to

characterize competitive ability in two ways. First, the out-

come of single colony interspecific competition for space

was determined both among Fl sexually produced colonies

and among the parental clonal replicates. Second, in these

interactions we characterized directional growth before and

after colony interaction by using colony area and geometric

center of mass. Overall growth toward a competitor may
indicate a controlled and purposeful attack response,

whereas overall growth away from a competitor may indi-

cate an escape response. We found considerable variation

between sexually and clonally produced colonies: thus our

results complement earlier studies of competition between

clonally produced colonies and perhaps suggest why H.

symbiolongicarpus predominates on gastropod shells inhab-

ited by paguriid hermit crabs.

Materials and Methods

Competition in sexually produced colonies

Wild-type colonies of Hydractinia symbiolongicarpus

and Podocoryna carnea were maintained as described pre-

viously (Van Winkle et al.. 2000). A single cross of wild-

type parental colonies was used to generate Fl planula

larvae of each species. We used only a single cross of each

species because a broad distribution of runner- and sheet-
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like morphologies is represented among full siblings

(Blackstone, 1996), and the crosses used produced a typical

distribution of forms. Thus, broad variation in competitive

ability of Fl full sibs was expected for each species.

Mature male and female colonies of each species were

placed in covered glass dishes in an incubator at 20.5 C and

induced to release gametes or medusae by exposure to

artificial, full-spectrum lighting following an overnight pe-

riod of total darkness. Parental colonies were separated from

gametes or medusae after this period. Colonies of P. cornea

were induced to release medusae 3 days prior to the induced

spawning of H. symbiolongicarpus gametes because the

latter lack the medusoid phase and thus require less time to

generate mature planulae. Medusae were fed brine shrimp

and placed in fresh seawater daily during this time and for

2 days thereafter. On the 3rd, 4th, and 5th days, medusae

spawned gametes, and fertilized eggs were collected and

isolated in a dish containing fresh seawater. Also on the

night of the 3rd day, colonies of H. symbiolongicarpus were

induced to release gametes as described. On the following

morning, fertilized eggs of H. symbiolongicarpus were

transferred to a dish containing fresh seawater. All Fl larvae

of both species were fully mature by the 9th day after

medusoid release of P. cornea parental colonies. Planulae

were induced to metamorphose using 50 mM CsCl in sea-

water for 3 h (Spindler and Miiller, 1972; Blackstone,

1996). Single metamorphosing larvae of each species were

randomly paired and placed about 4 mm apart near the

center of 30 round ( 18-mm) glass coverslips in petri dishes;

these were left undisturbed in total darkness for 48 h. Once

attached to the glass surfaces, all newly metamorphosed

primary-polyp pairs were digitally imaged, placed in float-

ing racks in 120-1 aquaria, and hand-fed brine shrimp

nauplii daily until each grew large enough to consistently

capture its own food. Primary polyps of each species were

easily distinguished by their appearance. Thirteen cover-

slips were excluded due to degeneration or the inability to

feed of one primary polyp. Of the 13. 12 were excluded due

to the degeneration of a P. carnea primary polyp, and one

was excluded due to the degeneration of a H. symbiolongi-

carpus primary polyp.

Second images of the remaining colony pairs (n = 17)

were captured at the time of inter-colony contact and third

images at 14 d after first contact. The 14-d time interval was

chosen based on previous observations of interspecific com-

petition; that is, "snapshots" of competition were most

meaningful as far along in the interaction as possible while

both colonies were still alive and growing. Three of the

competitive interactions were resolved (one of the pair was

killed by the other) before 14-d images were captured

(remaining, n - 14). All three sequential images were

captured at equal magnification and orientation, such that

colony spatial relationships were preserved in each image

sequence.

Competition in clonally produced colonies

Tissue explants of mature, field-collected colonies were

used to generate clonal replicates. These were treated iden-

tically to sexually produced colonies in all respects except

for the manner in which they were initiated. Eight clonal

replicates of each of the two parents of sexually produced

colonies of each species were used as clonally produced

colonies, yielding a total of 32 colonies and allowing four

unique interspecific pairwise combinations replicated four

times (n = 16). Single-polyp tissue explants were placed

about 4 mm apart near the center of 18-mm round glass

coverslips. Explants were held in place with nylon threads

until attachment occurred, whereupon the threads were re-

moved. Initial colony images were captured upon attach-

ment of both colonies to the growing surface. Of the 16

colonies of H. s\mbiolongicarpus, 3 died prior to first

contact l/i
== 13), and 2 were killed during competition

prior to 14 days post-contact (remaining, n = 11).

Data collection ami analysis

Images of all competing colonies were analyzed using

Optimas 6.1 image analysis software (Media Cybernetics).

From all images, geometric center of mass (hereafter termed

"position") was calculated based on total area covered as

measured by the outer perimeter of each colony. The outer

perimeter was digitally traced according to the actual con-

tours of the colony, not as a polygon. The resulting data

were in the form of a single point in Cartesian space for

each colony, where all positive x and y values numerically

balanced with their corresponding -.v and - v values; there-

fore, each point represented the overall average of two-

dimensional space controlled by a colony at a given time.

Overlapping areas were considered to be mutually con-

trolled. Since the three sequential images of each bout were

captured at equal magnification and orientation, relative

changes in position could be followed for each species on

each coverslip.

These data were analyzed in two ways. Multivariate

analysis of variance (MANOVAl was used to test whether

the relationship among colony positions as given by .v and

v coordinates changed between the time of contact and 14

days post-contact. Thus, MANOVA tested for a significant

change in the overall relationship of four response variables

(position A and v coordinates of each species) using time as

a predictor. While each response variable was technically

two repeated measures grouped by coverslip. it was impos-

sible to simultaneously test four repeated response variables

using time as the predictor, due to the lack of error variance

in such a model. Analysis of colony position relationships

prior to contact was meaningless using this method of

analysis, because colonies of each species begin growth

from a predefined position. Nevertheless. MANOVA pro-

vided a clear and intuitive exploratory analysis of an overall
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post-contact colony response. The initial distance between

competing colonies varied slightly on each coverslip due to

larval or explant placement error. To allow for realistic

comparisons of relative changes in colony position coordi-

nates among coverslips, the initial distances between com-

petitor positions were adjusted to a common value equal to

the average distance between primary polyps or explants

among all coverslips. The remaining data were standardized

proportionately to reflect these changes.

An alternate and more precise method of analysis using

paired t tests was devised to determine whether relative

position changed over each interval for each species. This

method simultaneously accounted for the potential interde-

pendency of within-subject colony interactions and the ef-

fects of repeated measures on the same subject (i.e., cover-

slip). The three images of each coverslip (primary polyps,

contact, and 14 days post-contact) contained two time in-

tervals over which colony position changed: ( 1 ) the change

from initiation (positions of primary polyps or explants) to

contact and (2) the change from contact to 14 days post-

contact. As stated previously, the initial distance between

competing colonies varied slightly on each coverslip due to

error in larval or explant placement. All unique initial dis-

tances between competitor positions were adjusted to a

common value as described above. However, inter-colony

positions at the beginning of the second interval (i.e.. at the

time of contact) varied among coverslips, rendering com-

parisons among coverslips after contact meaningless. To

correct for this, coordinate data obtained from contact im-

ages were transformed in Cartesian space (using basic al-

gebraic and trigonometric functions) such that the orienta-

tion of colony positions was identical to the common

standardized positions at the beginning of the first interval;

i.e., colony positions at the beginning of the second interval

were mathematically juxtaposed to be identical to positions

at the beginning of the first interval. Since positions of both

competitors changed simultaneously during each interval,

the start and end positions of each colony were used to

determine the relative position change of competitors. This

was accomplished by using four distances between compet-

ing colony positions from images representing both the start

and end of each interval (1 and 2 above): (a) the distance

(dl) between competitor positions from the first image, (b)

the distance (d2) between the positions of H. symbiolongi-

carpus from the first image and P. cornea from the second

image, (c) the distance (d3) between the positions of P.

cornea from the first image and H. symbiolongicarpus from

the second image, and (d) the distance (d4) between colony

positions from the second image. The following formulas

were used to determine the difference between initial and

final colony positions relative to one another (Fig. 1 ):

coverslip

Figure 1. Schemata of changes (dashed arrows) in colony position

over a single time interval for Podocoryna camea (pentagons) and H\-

dractinia symbiolongicarpus (circles) growing on coverslips. The relative

change in geometric center of mass (termed "position") of a particular

colony from the start (labeled "1") to the end (labeled "2") of each interval

was determined by calculating the difference in the distance of that colony

from both the start and end positions of its competitors, as shown.

and

or

d\
= Acolony 2

(initial distance final distance = A position)

d\ + d2
= Acolony 1

Positive values indicated overall position change toward

and negative values indicated change away from the "aver-

age" position of a competitor. The initial and final distances

of each colony relative to its competitor were analyzed

among coverslips using paired ; tests, with significant de-

viations from zero indicating position change toward (pos-

itive mean) or away from (negative mean) a competitor. In

addition to providing information on changes in both direc-

tion and magnitude, the paired t test is also robust, having

few assumptions of the data (Sokal and Rohlf, 1995).

The outcome of competition was determined when one

colony killed and overgrew the other. The number of win-

ning versus the number of losing H. symbiolongicarpus

colonies was compared between sexually and clonally pro-

duced colonies using likelihood-ratio chi-square.

Lan'al size

Larvae of each species were generated using the methods

described above. The size of larvae was quantified in two

ways. First, images of 10 randomly chosen larvae from each

of 2 wild-type parental crosses of both species were cap-

tured at identical magnification and used to determine the

cross sectional area of each using Optimas software. Images

were captured when larvae were fully developed and



160 I) H VAN WINKLE AND N. W. BLACKSTONE

relaxed (about 3 d after fertilization). Larval area was com-

pared between species using a nested analysis with area

nested within cross and cross nested within species. Second,

100 larvae from two crosses of H. symbiolongicarpus and

118 larvae from two crosses of P. cornea were each ho-

mogenized in 0.5 ml of 0.05% sodium dodecyl sulfate and

assayed for total protein using the BCA (bicinchoninic acid)

total protein assay with triple-sample replication (Smith el

ai, 1985). Larvae from the two crosses were pooled to

increase the sample size and hence the accuracy of the

assay. Because the number of larvae used in the assay

differed between species, numbers were standardized prior

to comparison.

Results

Competition in sexually produced colonies

Of the 30 Podocoryna cornea and Hydractinia symbio-

longicarpus primary polyps established on coverslips, 12

P. cameo and 1 H. symbiolongicarpus primary polyp died.

This corresponds to a survivorship of 60% of P. carnea and

97% of H. symbiolongicarpus colony initiates.

The relationship of the four response variables (position x

and v coordinates of each species) using time as the predic-

tor changed between the time of contact and 14 days post-

contact (Fig. 2A; MANOVA, F = 4.96; df = 4, 26: P =

0.0041 ). Univariate analysis of variance (ANOVA) of each

response variable, using time as the predictor, revealed that

only the position change of H. symbiolongicarpus colonies

along the .v-axis was significant (ANOVA, F = 13.54, df =

1, 29, P = 0.0009). There was a near-significant position

change of P. carnea colonies along the y-axis (ANOVA,
F = 3.40, df =

1, 29, P = 0.0753).

Paired comparisons support the results obtained using

MANOVA. Relative inter-colony position did not signifi-

cantly change prior to contact (interval 1 ) in colonies of

either species (Fig. 3A), although P. carnea position

showed a near-significant change away from competitors

(for H. symbiolongicarpus: 1
= 0.84, P = 0.4150; for P.

carnea: t
= -2.06, P = 0.0556). After contact (interval

2; Fig. 3B), P. carnea position showed a near-significant

change away from H. symbiolongicarpus (t
= 2.06, P =

0.0603), and there was a highly significant change in H.

symbiolongicarpus colony position toward P. carnea after

contact (t
= 3.88, P = 0.0019).

Overall, sexually produced colonies of H. symbiolongi-

carpus defeated and overgrew their counterparts in 6 of the

17 bouts. Qualitatively, H. symbiolongicarpus winners im-

mediately responded to contact by directional growth of

nematocyte-filled hyperplastic stolons toward competitors;

these stolons, which often overgrew and destroyed the

sparsely arranged stolonal network of P. carnea colonies

(Fig. 4), were often produced from existing mat tissue at or

near the point of contact. In some cases, H. symbiolongi-

I
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Figure 5. Mature planulue larvae of Hvilractiniu symbiolongicarpus

(at left) and Podocorynu curnea. Larvae of the former are significantly

larger (nested ANOVA using the cross-within-species effect as the error

term. F = 275.79, df =
1. 2. P = 0.0039). Relative larval size was also

estimated using the BCA total protein assay. Results revealed that H.

symbiolongicarpus larvae contain about 34% more protein on average than

P. inriifu larvae. Scale bar =
approx. 1 mm.

longicarpus larvae (mean value of 6.49 jug/larva) than in

P. earned larvae (4.30 /xg/larva).

Discussion

Previous experimentation using clonally produced colo-

nies has suggested that general life-history patterns of run-

ners and sheets may not apply to these hydroids; that is, the

runner-like Podocor\iui curneti dominates the sheet-like

HvdractinUi symbiolongicarpus (McFadden, 1986; Van

Winkle ct <//.. 2000). The data presented here support these

studies: clonally produced colonies of P. airneu always

overwhelmed those of H. symbiolongicarpus. Conversely,

sexually produced colonies of H. symbiolongicarpus were

able to defeat and overgrow P. curneii in more than 35% of

competitive interactions. Hitherto unknown competitive be-

havior was observed in sexually produced colonies of H.

Figure 4. Image sequence of sexually produced competing colonies.

Both species initially adopt a runner-like appearance as primary polyps

(A). Hydriutima symbiohngictir/ni* (at left) begins directional growth

toward Podocoryna ciirncti upon contact (B), after which the former

responds by growing nematocyst-filled hyperplastic stolons in the direction

of the stimulus. Many H. symbiolongicarpus colonies formed hyperplastic

stolons (arrows) that grew directly over and destroyed the foreign tissue (B,

C). ultimately forming an ectodermal mat and polyps over the newly

acquired space (D). (A) Primary polyps; (B) 2 d post-contact; (C) 7 d

post-contact; (D) 14 d post-contact. Scale bars =
approx. 2 mm.
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symbiolongicarpus, which showed a highly significant ten-

dency to grow directionally toward P. cornea after contact.

Furthermore, most sexually produced H. symbiolongicarpus

colonies responded to contact by rapidly generating runner-

like hyperplastic stolons from the point of contact that were

able to grow directly over P. camea colonies, which usually

lacked hyperplastic stolons during this time. This concen-

trated projection of hyperplastic stolons progressed until the

underlying P. cornea tissue was destroyed, after which the

ectoderm between hyperplastic stolons fused to form a mat.

In contrast, the clones produced from parental colonies of

both species displayed growth patterns similar to those

found in previous studies (Tardent and Biihrer, 1982; Buss

et id.. 1984; McFadden el at.. 1984; McFadden, 1986;

Lange et al.. 1992; Van Winkle et ai. 2000).

Sexually produced colonies of H. symbiolongicarpus

showed morphological as well as physiological features not

observed in clonally produced colonies. These differences

suggest that growth and development differ qualitatively

between the two. First, nearly all sexually produced //.

symbiolongicarpus colonies were able to directionally pro-

duce hyperplastic stolons, whereas clonally produced colo-

nies did not produce such stolons or grow directionally.

Previous studies also report ineffective or little to no hyper-

plastic stolon production in clonally produced colonies of

H. symbiolongicarpus during interspecific bouts (McFad-

den, 1986; Lange et al., 1992). Unlike P. cornea clones, the

capacity of clonally produced H. symbiolongicarpus colo-

nies to generate hyperplastic stolons is highly variable and

dependent on colony morphology at the time of contact

(McFadden et al.. 1984; Buss and Grosberg, 1990; Yund,

1991). In most cases, H. symbiolongicarpus is able to gen-

erate hyperplastic stolons only from previously existing

stolons (Buss et al.. 1984; Lange et al.. 1989; Yund, 1991;

Grosberg et a!.. 1996); however, a particular form of un-

derdeveloped mat tissue ("astogenetic" mat) has the capac-

ity to produce hyperplastic stolons (Buss and Grosberg,

1990). In this study, sexually produced colonies of H. sym-

biolongicarpus initially grew like runners but produced
stolonal mat within 2 weeks, thereby giving them their

characteristic sheet-like morphology. In contrast, clonal ex-

plants of H. symbiolongicarpus produced mat tissue imme-

diately upon attachment to the substratum, as observed in

previous studies (McFadden et al., 1984; Blackstone, 1996;

Van Winkle et al.. 2000). The mat tissue of clonally pro-

duced colonies did not develop hyperplastic stolons after

contact, suggesting that an astogenetic mat may be an age-

specific feature.

Second, H. symbiolongicarpus primary polyps pump gas-

trovascular fluid to peripheral stolons at a higher rate than

those same colonies after mat production, whereas gastro-

vascular flow rate gradually increases throughout early post-

metamorphic development of P. cornea colonies (Black-

stone, 1996). Such variation in gastrovascular flow rate may

Figure 6. Schemata showing directional growth patterns between

clonally produced colonies (A) and sexually produced colonies (B). Podo-

coryna cornea (gray) clonally produced colonies could not grow directly

over their slower advancing Hydractinia symbiolongicarpus (white) com-

petitors and tended to flank them. H. symbiolongicarpus sexually produced

colonies tended to project hyperplastic stolons directly over P. cornea

colonies soon after contact, whereas clonally produced H. symbiolongicar-

pus colonies did not.

be an important factor mediating colony growth and mor-

phology in hydroids (Dudgeon and Buss, 1996; Van Winkle

and Blackstone, 1997; Dudgeon et al., 1999); that is, higher

flow rates are associated with more runner-like morpholo-

gies. These morphological and physiological differences

suggest that sexually produced H. symbiolongicarpus colo-

nies initially adopt a runner-like morphology, which may
facilitate their enhanced directional and aggressive growth

responses during competition with clonally produced colo-

nies.

To a lesser degree than their counterparts, sexually pro-

duced colonies of P. cornea exhibited differences from

clonally produced colonies, which more readily and abun-

dantly produced hyperplastic stolons upon contact. The

directional growth observed in clonal replicates and to

some extent in sexually produced colonies most likely

represents opportunistic growth into unoccupied areas; that

is, clonally produced P. camea colonies were often able to

flank (but not overgrow) their slower-advancing counter-

parts, which translated into an overall shift in center of mass

toward competitors (Fig. 6A). This was not the case in

sexually produced H. symbiolongicarpus colonies, which

tended to grow hyperplastic stolons from the edge of the

ectodermal mat directly into and over the sparsely arranged
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stolons off. carnea competitors (Fig. 6B). P. curnca is not

able to grow over living H. symbiolongicarpus tissue, pre-

sumably due to the space-filling morphology of the stolonal

mat. Consequently, H. symbiolongicarpus colonies can sur-

vive for extended periods under these circumstances, given

that they are able to feed (McFadden, 1986: Buss and

Grosberg. 1990: Van Winkle et ui, 2000). The ability to

generate hyperplastic stolons immediately after contact

seems to be an important factor in determining competitive

outcome for both species. This was exemplified by the

relative success of sexually produced colonies of H. symbio-

longicarpus and clonally produced colonies of P. cornea in

this study, both of which generated hyperplastic stolons

more readily than their corresponding competitors.

Ultimately, the source of every clonally produced colony

is a sexually produced colony. Yet critical morphological

and physiological aspects of colony development not seen

in clonally produced colonies can be observed in very

young H. symbiolongicarpus colonies in particular. Sexu-

ally produced colonies of H. symbiolongicarpus initially

grow like runners, producing both peripheral stolons and

presumably astogenetic mat tissue, which suggests age-

specific growth that is possible only during a limited time of

post-metamorphic colony development. At present, it is

impossible to determine the absolute age of the field-col-

lected clones used in this and preceding studies. Thus, the

relationship of colony age and competitive ability in H.

symbiolongicarpus remains to be quantified using sexually

produced colonies. The production of stolonal mat (as op-

posed to astogenetic stolonal mat) and the deposition of the

chitinous understory may divert colony resources from the

development and maintenance of morphologies related to

competitive ability. Alternatively, a suite of additional fac-

tors (e.g., colony size, resource availability, cost of repro-

duction, somatic maintenance, senescence) may all contrib-

ute to the apparent reduction in runner-like growth and

competitive ability observed in this species over time (c.f.,

Braverman and Schrandt, 1966).

The data presented here reveal that during early ontog-

eny. H. symbiolongicarpus is capable of a pattern of growth
and development unprecedented in past studies using clonal

replicates. There may be a selective advantage of runner-

like growth and enhanced competitive ability during early

colony development: in natural populations, the probability

of new larval recruitment to gastropod shells decreases with

the size and age of resident colonies due to exclusion, and

the frequency of competition is thus likewise expected to

decrease (Yund et a!., 1987; Yund and Parker, 1989). The

data presented in this study support the hypothesis that H.

symbiolongicarpus is adapted to competition during early

colony development. Additionally, the same factors that

lead to differential larval settlement over the shell surface

(e.g., hermit crab feeding behavior; Yund el ul., 19871 are

likely to also produce food gradients over the shell surface

(c.f., Koehl and Strickler, 1981; LaBarbera, 1984). The

directional and runner-like growth potential of young H.

symbiolongicarpus colonies leading to the occupation and

defense of these nutrient-rich zones may thus provide a

significant advantage owing to increased growth rates in

early ontogeny. The observed growth and relative success of

sexually produced H. symbiolongicarpus colonies may in

part explain why this species is considerably more abundant

than P. carnea on small gastropod shells inhabited by

paguriid hermit crabs. Overall, variation in competitive

ability and growth habit between sexually and clonally

produced colonies of H. symbiolongicarpus and to lesser

extent between those of P. carnea suggest that future

assessments of competitive ability in colonial organisms

(and in colonial hydroids specifically) include the use of

sexually produced colonies.
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Quantitative Analysis of Gametic Incompatibility

Between Closely Related Species of Neotropical
Sea Urchins
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Abstract. Species of the sea urchin genus Echinometra

found on the two coasts of Panama are recently diverged

and only partially isolated by incomplete barriers to inter-

specific fertilization. This study confirms previous work that

revealed incompatibility between the eggs of the Atlantic E.

htcunier and the sperm of the other two neotropical species,

whereas eggs of its sympatric congener E. viridis and allo-

patric E. vanbrunti are largely compatible with heterospe-

cific sperm. Here we quantify fertilization using a range of

sperm dilutions. We demonstrate a much stronger block to

cross-species fertilization of E. lucunter eggs than was

previously shown at fixed sperm concentrations, and mild

incompatibility of the other two species' eggs where previ-

ous crosses between species were not distinguishable from

within-species controls. Additionally, we present evidence

for intraspecific variation in egg receptivity towards het-

erospecific sperm. Our findings here again discount the

"reinforcement model" as a viable explanation for the pat-

tern of prezygotic isolation. Gamete incompatibility in these

Echinometra has appeared recently within the last 1.5

million years but is weaker in sympatry than in allopatry.

Accidents of history may help explain why incompatibility

of eggs emerged in one species and not in others. Compen-

satory sexual selection on sperm in this species could fol-

low, and promote divergence of proteins mediating sperm-

egg recognition.

Introduction

How reproductive isolation evolves between species of

marine invertebrates that shed their eggs and sperm into the
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sea is a matter of considerable interest (Palumbi, 1992,

1994). Apart from asynchrony of gamete release and pos-

sible chemical communication between individuals, court-

ship and mating behaviors that could isolate species are

largely absent in free-spawning organisms. When spawning

seasons of coexisting closely related species overlap (Les-

sios, 1985) or when more than one species participates in a

mass spawning event (e.g.. Babcock et al.. 1986; McCuen,

1988; Pearse et al.. 1988). incompatibility between gametes

may be the most likely prezygotic reproductive barrier.

Cross-species in vitro fertilizations are then an effective

method for obtaining quantitative data on the strength of

blocks to fertilization. Such data are crucial for judging the

contribution of gamete incompatibility to the maintenance

of reproductive isolation between free-spawning species,

and may also provide clues to how fertilization barriers

evolve.

Gamete compatibility between species has been studied

in hydroids (Buss and Yund. 1989). corals (Knowlton et al.,

1997; Miller and Babcock. 1997; Szmant et al.. 1997).

polychaetes (Pawlik, 1988; Marsden, 1992: Pernet. 1999).

oysters (Banks et al.. 1994), abalones (Leighton and Lewis,

1982), sea urchins (Branham, 1972; Summers and Hy-

lander, 1975; Strathmann. 1981; Lessios and Cunningham,

1990: Minor et al.. 1991; Palumbi and Metz, 1991; Metz et

ul.. 1994. 1998a; Asian and Uehara, 1997). and sea stars

(Byrne and Anderson. 1994). Although complete reciprocal

incompatibility between species is often observed and a

complete lack of incompatibility is rare (Pernet. 1999),

these are not the most common outcomes. Most fertilization

barriers are "partial" the percent of eggs fertilized by

heterospecific sperm is not zero but is some fraction of the

percent fertilized by sperm of conspecifics.

Often, incompatibility between gametes of recognized

species is also asymmetric; percent fertilization of the eggs

166
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of one species of a pair is lower than in the reciprocal cross

(Vacquier el al.. 1995). Asymmetric incompatibility has

been found between species of hydroids (Buss and Yund.

1989). polychaetes (Pawlik, 1988). oysters (Banks el al..

1994). abalones (Leighton and Lewis, 1982). and is partic-

ularly common in sea urchins (Branham. 1972; Strathmann,

1981; Lessios and Cunningham. 1990; Minor ct <//.. 1991;

Metz el til., 1994; Asian and Uehara, 1997). Why fertiliza-

tion barriers should often be asymmetric and incomplete is

not known and is worthy of further study.

The three species of Echinometra sea urchins found on

the two coasts of the Americas provide an excellent case in

which to examine partial, asymmetric gametic isolation.

First, the phylogeny of these species and the timing of their

speciation relative to the closure of the Isthmus are known

(McCartney el al.. 2000). Hence, we can determine whether

fertilization barriers are stronger in species separated earlier

than in species more recently split, and we can address

whether the evolution of these barriers is accelerated in

sympatric species compared to species living in different

oceans. Echinometru vanbrunti ranges along the Pacific

coast of America from the Gulf of California to Peru.

Echinometra lucitnter occurs from Bermuda south to Brazil

and east to the Atlantic coast of tropical Africa. Ecliinonic-

rm \'iridis is restricted to the Caribbean, where it co-occurs

with E. hiciinter. and although E. viridis is usually found in

deeper water, the spawning seasons of the two sympatric

species overlap (Lessios, 1981b). E. viridis is morphologi-

cally most distinct from the other two species (Mortensen,

1928-1951; Lessios, 1981a). yet mitochondrial DNA
(mtDNA) sequences show it to be a sister species to the

sympatric E. lucitnter, with the allopatric E. vanbrunti hav-

ing split off earlier (McCartney et al.. 2000). Thus, it is

probable that closure of the Isthmus of Panama 3.1 million

years ago (MYA) (Coates and Obando, 1996) split E. van-

bmnti from the common ancestor of the two Atlantic spe-

cies, whose mtDNA divergence places their speciation at

ca. 1.5 MYA (McCartney et al., 2000).

An earlier study (Lessios and Cunningham. 1990) dem-

onstrated asymmetric gamete compatibility of one species

towards the other two. Both heterospecific crosses involving

eggs of E. luciinter females showed a greatly lowered per-

cent fertilization compared to homospecific controls. In

contrast, fertilization in both of the reciprocal crosses be-

tween E. litcunter and the other two species, as well as in the

E. viridis male X E. vanbrunti female crosses, was no lower

than in homospecific crosses. Fertilization in the E. van-

brunti male X E. viridis female cross was slightly reduced

relative to controls. Finally, incompatibility between the

sympatric species was less than that between the allopatric

E. lucitnter and E. vanbrunti. This finding runs contrary to

predictions from the "speciation by reinforcement" model

(Dobzhansky, 1940: Butlin. 1989; Liou and Price, 1994).

The model envisions that populations that have acquired a

degree of reproductive isolation in allopatry. will, when

they become sympatric. develop pre-zygotic isolation to

avoid gamete wastage in inferior hybrids. Reinforcement

should therefore yield greater gamete incompatibility be-

tween Echinometra species that currently live in the same

ocean than between those that have been allopatric for the

last 3 MY.
Each of the above conclusions was reached in experi-

ments that combined gametes at a single concentration.

McClary (1992) suggested that a different pattern might
have emerged if concentrations of sperm had been varied.

Though there were reasons to consider this suggestion un-

likely (Lessios and Cunningham, 1993), we here report a

determination of percent fertilization at various sperm con-

centrations. We construct "fertilization curves" estimated

using a series of sperm dilutions, then examine the degree to

which the added sensitivity of these experiments permits a

better understanding of the mechanisms by which sympatric

and allopatric species have developed prezygotic isolation.

Materials and Methods

Gametic compatibility CAyr/wic/i/.v

Sea urchins were collected from the Caribbean coast of

Panama near Portobelo (Echinometra lucitnter and E. viri-

dis), and from the Pacific coast of Panama at Isla Tabo-

guilla (E. vtiiibnuiti) between August and October 1996,

and again in June 1997. These are months during which all

three species are reproductively active (Lessios. 198 Ib).

Animals were induced to spawn by intracoelomic injection

of 0.5 M KC1.

Females releasing eggs were inverted so that their gono-

pores were immersed in a 50-ml beaker partially filled with

0.22-jum-filtered seawater (FSW). Eggs were resuspended.

poured through doubled gauze to trap debris, and then

washed once by aspiration and replacement of the FSW.

The eggs were settled in a volumetric centrifuge tube to

estimate their volume, and their concentration was adjusted

to 2 ml of eggs in 100 ml of FSW. Counts of eggs from three

females per species indicated that 2% suspensions con-

tained, on average. 58 eggs of E. lucitnter. 50 eggs of E.

viridis, and 104 eggs of E. vanbrunti per microliter. Eggs
were stored at room temperature for no more than 6 h prior

to their use.

Sperm was drawn directly off male gonopores after in-

jection of KC1 solution. Undiluted ("dry") sperm was stored

in capped microcentrifuge tubes for less than 1 h at room

temperature. Preliminary experiments indicated that dry

sperm maintained full fertilizing potency for at least 1 h.

A polypropylene microplate (Whatman #7701-5200)

with 96 wells of 2-ml capacity each was used to conduct the

fertilization experiments. Each well was filled with 0.2 ml

FSW. A starting suspension of sperm was prepared by

diluting 5 /al dry sperm in 25 ml FSW for homospecific
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crosses and 5^.1 of sperm into 2.5 nil FSW for crosses in

which E. lucnnicr eggs were exposed to heterospecific

sperm. These starting concentrations were chosen so that

subsequent dilutions would bracket those necessary to pro-

duce the descending portion of the fertilization curves.

Equal amounts (200 ju.1 each) of the starting suspension and

FSW were mixed together, and 200
ju.1

of this diluted

suspension was again transferred to 200
JJL\

FSW. This

process was repeated to prepare 12 serial 2-fold dilutions.

Egg suspension (200 ju.1) was mixed into each well in

succession, starting with the well containing the most con-

centrated sperm suspension. Each sperm dilution series was

prepared from a fresh dilution of dry sperm. A portion of the

original sperm suspension was saved for later spectropho-

tometric estimates of sperm concentration. The microplate

was capped, then gently rotated on an orbital shaker at 30C
for 90 min. This amount of time was previously determined

to ensure that all fertilized eggs had passed through at least

two cleavage divisions. Incubations were stopped after 90

min by fixing with 400 jal of 5.5% formaldehyde in FSW. In

preliminary experiments, washing of the eggs to rid them of

excess sperm had no effect on the yield of fertilized eggs at

fixed sperm concentrations in homospecific crosses, so it

was not considered necessary to remove the sperm during

the experiments.

All animals spawned were used in fertilizations on a

single day, then discarded. Each female was used in a single

experiment involving crosses with conspecitic males, and

with males of either one or both of the other two Echinomc-

tra species. A total of 181 crosses on eight trial dates were

performed. To score percent fertilization, a drop of fixed

suspension was placed on a slide, and a haphazardly se-

lected track through the suspension was scanned under a

compound microscope. At least 100 eggs were scored as

either cleaving or not cleaving. Cleavage was selected as a

convenient index of fertilization in lieu of raised fertiliza-

tion membranes because fertilization membranes are diffi-

cult to see in these species of Echinoinctra. Previous work

(Lessios and Cunningham. 1990) has shown that although

percent of cleaving eggs is in some crosses lower than

percent of eggs with raised fertilization membranes, this

reduction is slight and introduces no bias in comparisons

between homospecific and heterospecific crosses.

Sperm concentration was quantified spectrophotometri-

cally (Vacquier and Payne, 1973). First, a standard curve

was constructed. Three males of E. hicuntcr and two males

each of E. vanbrunti and E. viridis were spawned, and a

dilution series consisting of 10 serial 2-fold dilutions in

FSW was prepared for each male. Each sperm dilution was

fixed in an equal volume of 5.5% formaldehyde in FSW.
and its absorbance at 340 nm (/4 U(I ) was determined against

a blank of 2.25% formaldehyde in FSW. We made triplicate

hemacytometer counts of the number of spermata/oa in

each dilution, then determined the correspondence between

optical absorbance and sperm concentration using linear

regression. Separate regressions for each species showed no

consistent differences in slope, so a common curve with

slope equal to the average was used. This standard curve

was used to convert A ,40 readings taken from the males used

in each of the experimental trials to numbers of sperm per

microliter.

Data analyses

The nonlinear, sigmoid relation between number of sea

urchin eggs fertilized and sperm concentration presents a

problem for quantifying and statistically comparing gamete

compatibility. One solution is to fit the data to an explicit

nonlinear fertilization kinetics model (Vogel a al., 1982;

Levitan, 1996. 1998). An alternative approach is to first

linearize the response using an appropriate transformation.

We preferred the latter approach, because it does not assume

that cross-species fertilizations adhere to the kinetic model

developed for crosses performed within species. This ap-

proach also permits the application of linear statistical mod-

els. We used a standard transformation that has been suc-

cessfully applied to other sigmoid responses, such as

toxicity. This is the logit transformation (Finney. 1964;

Hewlett and Plackett. 1979). The proportion of eggs fertil-

ized (P) was transformed to its logit as follows: logit (P) =

In (Pl\ Pi Linear regression of logit (P) values was then

performed on log-transformed sperm concentration for each

of the 181 crosses.

As a measure of egg-sperm compatibility over the range

of sperm concentrations tested, we calculated the F
S() , or the

sperm concentration at which 50% of the eggs were fertil-

ized (see Levitan, 1996, 1998). F,,, values were calculated

from the linear regression by determining the sperm con-

centration at which logit (0.5) =
(Figs. IB. 2B. 3B). To

compare F,,, values across experimental trials, we took two

approaches, each of which relied on different assumptions.

In the first approach, we treated each F
S( ,

estimate as a

unique value, independent of all others. This would be true

if gamete compatibility were an emergent property of a

given egg-sperm combination and not reflective of sperm or

egg "qualities" (e.g.. swimming speed, viability) that would

influence multiple crosses.

For this analysis, we grouped the log F?0 values calculated

from individual crosses by the species of female used in the

cross. We then compared the mean log F50 values among
the three male species tested on each species of female.

Results of a Kolmogorov-Smirnov test indicated that distri-

butions of log F
5II

values were not significantly different

from an ideal normal distribution with the same mean and

variance. The distributions were then tested for hetero-

scedasticity across the three species of sperm donor by

using Bartlett's test. In two of the three species of females,

variances were not significantly different between species of
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male, and ANOVA was performed using log F50 as the

response variable and species of male as the main effect. In

the case of E. lucunter females, unequal variances were

found (F = 7.590, P < 0.001 ), so the log F, values were

compared using Welch's (1951) approximate ANOVA.

Multiple comparisons among mean log F
5(l

values for each

class of cross were conducted using the Games and Howell

( 1976) test at the 5% significance level. ANOVA and mul-

tiple comparisons were performed using StatView 5.0. 1

(SAS Institute, 1999).

For the second approach, we assumed that percent fertil-

ization of eggs of a given female by one male is not

independent of percent fertilization of that female by a

second male. In other words, we assumed that unknown

qualities of the eggs of a female could influence their

compatibility with any male tested; a similar argument

applies to the sperm of a male used in more than one

egg-sperm combination. To take such lack of independence
into account, we analyzed the data using a randomized

complete blocks design in ANOVA. Each of the three

species of females was analyzed separately. It was also

necessary to separately analyze each of three types of cross-

ing designs to maintain a balanced statistical design. In all

of the trials, eggs from a single female were mixed with

sperm from a single male (no experiment involved mixtures

of sperm of multiple males), but slightly different crossing

designs were used to make efficient use of ripe animals

available on a given day. In type I crosses, one female was

tested with several conspecific males and several males of

one of the other two Echinometra species. In type II crosses,

one female was tested with several conspecific males and

several males of the remaining Echinometra species. In type

III crosses, one female was tested with a single male from

each of the three species. The dependent variable was log-

transformed F
5()

. Females were treated as blocks in the

analysis, and species of male was treated as the main effect.

Multiple comparisons among species of male were con-

ducted using the Games and Howell (1976) procedure.

As a final method for comparing compatibility, we fit our

data to the nonlinear sea urchin fertilization kinetics model

developed by Vogel et al. (1982). Untransformed propor-

tion of eggs fertilized (P) was fit to the following equation:

P =
1
-

exp
-/3S

where S = number of sperm/^1, E = number of eggs//n,l.

T = sperm/egg contact time (set to equal 90 min) and |3 and

j3 are parameters obtained from nonlinear regression of P
on S (the ratio j3/|3 is roughly interpretable as the propor-

tion of the egg surface area that is fertilizable (Vogel et al.,

1982). Because the eggs of the three species are different

sizes, the number of eggs per microliter of seawater was

estimated from counts made separately for each species. As

measured by Lessios (1990). F. viridix has the largest eggs

(3.97 X 10
5

ju,m volume), E. lucunter has eggs intermedi-

ate in size (3.40 X \(f /a,m\ and F. ranhmnti has the

smallest eggs (1.94 X 10
5
jam

1

). Values of j3 and |3n were

estimated separately for each of the 181 trials and are not

given, but are available from the first author. Fits to this

equation were performed using the Gauss-Newton least

squares iterative method provided in JMP 2.0 (SAS Insti-

tute, 1989). The F?0 value was calculated by solving the

resulting nonlinear regression equation for 5 at P = 0.5.

Values of F
5II

obtained from fits to the Vogel et al. ( 1982)

model were analyzed statistically in the same manner as

were the log F50 values obtained from linear regression

described above.

We found great variation among E. lucunter females in

F5U values calculated from heterospecific crosses (Figs. 4

and 7, Appendix). To determine whether this was due to

differences among females in egg "quality" that is,

whether it reflected a capacity to be fertilized by sperm of

conspecific males we performed the following analyses.

We used the results from the 13 E. lucunter females that

were each tested with one different male of each of the three

species. We calculated the correlation (Kendall's T) between

the F50 values estimated for each of the possible pairwise

comparisons among males: F. lucunter males with E. viridis

males, F. lucunter males with F. vanhninti males, and F.

viridis males with F. ranhrunti males. Significant values of

Kendall's r in the former two comparisons would indicate

that differences in fertilizability of eggs by heterospecific

sperm arise due to differences in egg quality; significant

values in the latter comparison would indicate that fertiliz-

ability of eggs by sperm of the allopatric species covaried

with fertilizability by sperm of the sympatric species.

Results

Relation between sperm concentration and optical

absorbance

The standard curve relating A,40 to sperm concentration

yielded a highly significant linear regression (F = 651.08;

df --' 1,46; P < 0.001; R 2 = 0.935). The regression

equation (f(x)
= 1.84 X KT 5

.v + 0.014), when solved for

x at A340
=

1, produced an extinction factor of 5.35 X 10
4

sperm//u,l per A 340 unit. We used this value to convert

optical density measurements to sperm concentrations in all

of our fertilization experiments. Our calibration was very

close to those published. Branham (1972) reported extinc-

tion factors of 5.37 X 10
4
for F. mathei and 4.94 X 10

4
for

F. oblonga. Using methods similar to ours, Tyler et al.

(1956) and Minor et al. (1991) estimated that two species of

Strongylocentrotus and Lytechinns variegatus produced dry

sperm with concentrations ranging between 2 and 9.5 X 10
7

sperm/ /a,!.
The eight Echinometra males used in our study
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produced dry sperm with a similar average concentration

3.04 X 10
7

sperm/Ml.

Fertilisation cun'es

Fertilization of eggs in all homospecific and some het-

erospecific crosses rose sharply with increasing sperm con-

centration, producing characteristic sigmoid curves (Figs. 1,

2 and 3). Curve fitting to the fertilization kinetics model of

Vogel el nl. ( 1982) was generally good (Figs. 1 A, 2A, 3A),

as was the fit of the linear regressions on logit-transformed

data (Figs. IB, 2B, 3B). Crosses in which eggs of .

Incitnter females were fertilized by sperm of either of the

other two species produced curves that shifted greatly to-

wards higher sperm concentrations (Fig. 1A, IB). As Figure
1 B shows, sperm of this E. viridis male needed to be more

than 250 times more concentrated than that of E. luciinter to

fertilize half the eggs of this E. luciinter female. Sperm of

the E. vanbrunti male shown had to be about 2000 times

more concentrated than that of E. lucunter to achieve

the same effect. Other E. luciinter females showed even

stronger incompatibilities towards heterospecific sperm

(Appendix).

Incompatibility of eggs from the other two species with

heterospecific sperm was more moderate, or lacking alto-

gether. For example, to fertilize half the eggs of the E.

viridis female shown in Figure 2B, E. luciinter sperm
needed to be only three times more concentrated and E.

vanbrunti sperm only about 25 times more concentrated

than E. viridix sperm. Eggs of E. vanbrunti showed an even

milder barrier to cross-species fertilization, or none at all.

For example, the E. vanhnmti female shown in Figure 3

displayed no detectable gamete incompatibility towards the

other two species. Fertilization of her eggs was actually

highest when they were exposed to sperm of E. viridis. and

fertilization by E. luciinter and by E. vanbrunti sperm was

nearly indistinguishable.

Linear regression analvsis

The logit-transformed fertilization data showed good fit

to log sperm concentrations, with /-

:
values from linear

regression often exceeding 0.90 (Appendix). Of the IS1

crosses analyzed, only 6 crosses did not yield significant

regressions. In four of these cases, this occurred because

several sperm dilutions were too dilute to yield detectable

fertilization, resulting in a regression based on few values

and in increased error in estimation. The two other cases

involved highly incompatible crosses (between E. vanbrunti

sperm and E. luciinter eggs) that showed poor dependence
of percent fertilization on sperm concentration.

Comparison of F M ,
values

To compare the results obtained across multiple females,

Fso values were estimated for all crosses. The FS( ,
values

were then placed into nine groups representing the nine

cross classes (with each class of cross defined as one species

of male crossed with one species of female: Figs. 4, 5, and

6). Fertilization of E. luciinter eggs required considerably
more heterospecific than conspecific sperm. The mean F50

values were 65 times higher for E. viridis sperm and over

1700 times higher for E. vanhnmti sperm than was the F_so

value estimated for conspecific sperm crossed with E. lu-

cimter eggs (Fig. 4, Table 1 ).

E. viridis females showed much more modest heterospe-

cific incompatibility. Compared with conspecific sperm, just

over twice as much E. luciinter sperm and about 18 times as

much E. vanbrunti sperm fertilized half the E. viridis eggs

(Fig. 5. Table 1 ). E. vanbrunti females were only slightly

less fertilizable by heterospecific sperm (Fig. 6: Table 1).

Just over 2.5 times as much E. luciinter as conspecific sperm
fertilized half the eggs of this species. Only two E. viridis

males were tested against E. vanhnmti eggs, but neither of

them was incompatible.

Welch's ANOVA showed highly significant differences

among male species tested with E. lucunter females ( W -

125.41, P < 0.001), and multiple comparisons showed

significant differences between means in all three species of

sperm donor (Games-Howell test). ANOVA also showed

significant differences among male species tested on E.

viridis females (F = 15.96, df = 2,43; P < 0.001). In

this case, multiple comparisons revealed differences be-

tween E. viridis and E. vanbrunti males, but E. viridis and

E. luciinter males were not distinguishable. ANOVA also

showed marginally significant differences among species of

sperm donor tested on E. vanbrunti females (F = 3.425;

df = 2. 30; P = 0.046). In this case, significant differ-

ences were apparent between E. lucunter and E. vanbnmti

males; the other two comparisons were not possible because

there were only two (E. viridis male X E. vanbrunti female)

crosses.

A potential problem with the above analysis is that males

and females were used in more than one fertilization exper-

iment, so a randomized complete blocks analysis was used

to allow for any non-independence. The results closely

matched those from one-way ANOVA. Highly significant

differences in fertilization of E. lucunter eggs were present

between species of males, but these differences were less

clear with eggs of E. viridis and E. vanhrunti. The seven E.

lucnntcr females involved in crosses with multiple E. viridis

and E. lucunter males had significantly fewer eggs fertilized

by E. viridis than by E. lucunter sperm (F = 140.29, P <
0.001 ). For the two E. lucunter females involved in crosses

with multiple E. vanbrunti and E. lucunter males, signifi-

cantly fewer eggs were fertilized by E. vanbnmti than by F.

lucunter males (F = 142.0. P < 0.001 ). And for the 13 E.

lucunter females, each crossed with a single male of each

species, highly significant differences existed among species of

males (F : = 48.01. P < 0.001). Multiple comparisons



SEA URCHIN GAMETIC INCOMPATIBILITY 171

A. E. lucunter Female EL13

B.

2-

1 -



172 M. A. MCCARTNEY AND H. A. LESSIOS

E. lucunter Females
94

20-



SEA URCHIN GAMETIC INCOMPATIBILITY 173

A.
1x109

i

1x1 B

1x107

1x106 -!

1x105 ^

1x104

1x103

1x102

B.

1x102 1x103 1x104 1x105 1x106

F (. viridis males)

1x106

f 1x105 -

ra

w
1x104

1x103
-

1x10*

1x102 1x1
J

(E. lucunter males)

C. 1x109 i

1x108 -

1x106 -

1x105 T

1x104 -

1x103
-

1x102

1x1 CH 1x10J

(. lucunter males)

Figure 7. Correlation of F50 values from Echinometra fertilization

experiments. Data shown are for 1 3 crosses of E. lucunter females, each of

which was tested with a single male of each of the three species. Points are

F50 values measured in the cross with a male of one species (ordmate)

plotted against the F5U values measured in the cross with a male of the other

species (abscissa).

fertilized half the E. viridis eggs. Just over twice as much
E. lucunter as conspecific sperm fertilized half the eggs
of E. vanbrunti (Table 2).

Correlation among Fw values

Females of E. lucunter differed by as much as 2 orders of

magnitude in their receptivity towards heterospecific sperm

(Fig. 4; Appendix). Differences in receptivity towards con-

specific sperm do not explain these differences; that is, they

do not arise from differences in gamete "quality." In 13

cases, fertilization trials combined the eggs of a single E.

lucunter female with one male of each of the three species.

No correlation existed between the F
5( ,

value calculated

(from linear regression) for the homospecific cross and for

the cross with either E. viridix (Fig. 7A: Kendall's T =

-0.077, P > 0.05) or E. vanbrunti (Fig. 7B: T = -0.154.

P > 0.05) males. Similarly, no correlation was found in the

same comparisons for Fsn values calculated using nonlinear

regressions (T = 0.154, P > 0.05 for both comparisons).

Significant, positive correlations would have indicated that

females that required more heterospecific sperm for fertili-

zation also required more conspecific sperm. This would

implicate gamete quality differences as responsible, but

none were apparent. In contrast, significant positive corre-

lations were found for these same 13 trials between F_S( ,

values of E. viridis and those of E. viinhninti males, when

calculated using both linear (Fig. 7C: T = 0.872, P <

0.001 ) and nonlinear regression (T = 0.795. P < 0.001 ).

These results show that females with eggs that were less

discriminating towards sperm of one heterospecific were

also less discriminating towards sperm of the other.

Discussion

Patterns of game tic incompatibility

The neotropical species of Echinometra each show partial

cross-species gametic incompatibility, but to very different

degrees. The eggs of E. lucunter are strongly incompatible

with the sperm of its two most closely related species.

Incompatibility can be defined as the ratio of the mean F50

values (the heterospecific value divided by the homospecific
value: see Tables 1 and 2). With this approach, incompati-

bility between E. lucunter eggs and E. viridis sperm is

estimated to range from 60-fold (using the F50 values esti-

mated by fitting the Vogel et al. (1982) model) to 65-fold

(using fits to linear regressions). Incompatibility between E.

lucunter eggs and E. vanbrunti sperm ranges from > 700

to > 1700-fold. This is a much stronger block than was

found by Lessios and Cunningham (1990). If. from this

previous study, incompatibility is defined as the inverse of

the ratio of percent cleaving eggs in homospecific:het-

erospecific crosses, incompatibility of E. lucunter eggs with

E. viridis sperm would be estimated at 5.2-fold, and with E.

vanbrunti sperm only 1 1 -fold. Hence, the present approach

of using sperm dilution curves detects much greater quan-

titative differences in gamete compatibility, but the rankings

among the species are the same.

Compatibility differences between homospecific and het-

erospecific gametes are much more moderate for eggs of the

other two species. In the present study, we estimate com-

patibility of E. viridis eggs with E. lucunter sperm to be just

1.4-2.2 times lower, and with E. vanbrunti sperm 12-18

times lower than with conspecific sperm. E. vanbrunti eggs

are only 2.2-2.6 times less compatible with E. lucunter than

with conspecific sperm, and appear from the two crosses
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Table 1

Sunnnan comparison c/F,,, values among the nine possible crosses of Echinometra species.

Female
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crosses. In our data set. most (156 of 181 or 85%) of the

crosses produced a maximum of >50% fertilization of eggs,

so extrapolation beyond the tested concentrations was not

necessary. For the remaining 25 crosses in which maximum

fertilization was less than 50% (maximum fertilization av-

eraged 35% for these crosses), extrapolation of the curve

was necessary to obtain an F50 . There was a difference in

the fit of data to the regressions in these two groups of

crosses. The r
2

value from linear regression was 0.917

for crosses in which >50% was achieved, and r
2

equaled

0.847 for crosses from which F50 had to be extrapolated.

Hence while there is a suggestion of a trend towards

lower accuracy with these most incompatible crosses, ex-

trapolation itself would not have created excessive addi-

tional error.

Our second reason for using F30 is that calculating F, or

F, values from the fertilization curves would have intro-

duced even greater inaccuracy. In the more compatible

crosses, 10% or 20% fertilization was reached with ex-

tremely dilute sperm whose concentration is more difficult

to estimate accurately and is less reproducible. Also, F K)

and F-, values lie farther away from the bivariate mean of

regression, which introduces additional error. Confidence

intervals around F 10 or F-, estimates (not shown) were

wider than were those surrounding F50 for the great majority

of our crosses.

The evolution of gamete incompatibility in sea urchins

The results from the present study indicate that incom-

patibility of sea urchin eggs does not steadily evolve at

equal rates as species diverge. Based on mtDNA sequence

comparisons, F. litcunter and E. viridis are sister species

that separated about 1 .5 MYA. This occurred after closure

of the Isthmus of Panama, which split F. vanbrunti from the

F. Iticunter/E. viridis ancestor some 3.1 MYA (McCartney
ft i/l., 2000). A scenario in which gametic incompatibility

closely tracked time and genetic divergence would predict

the following. First, we would expect eggs of E. viridis to

show incompatibility with sperm of F. liicunter equal to that

in the reciprocal cross. Second, eggs of E. vanhmnti would

show the greatest block towards sperm of the other two

species. Instead, the primary fertilization barrier in the eggs

appears to have evolved in a single lineage leading to F.

liicunter (see also Lessios and Cunningham (1990) and

Lessios (1998)), during the last 1.5 million years (McCart-

ney et at.. 2000).

The barrier that eggs evolve to fertilization by heterospe-

cific sperm does not appear to develop continuously as

species diverge. Yet once such a barrier emerges, it does

appear to strengthen with time. With F. liicunter eggs, F.

viridis sperm is more compatible than is F. vanbrunti sperm,

just as would be predicted from divergence estimates based

on mtDNA. In contrast, if incompatibility were the product

of reinforcement (Dobzhansky, 1937; Butlin. 1989; Lion

and Price, 1994), it would be expected that selection against

hybrids would lead to greater incompatibilities in the sym-

patric species pair than in the allopatric pair. F. viridis eggs

are fertilized to a greater extent by E. liicunter than by F.

vanbrunti sperm, again the ranking predicted by genetic

distances, but not by the reinforcement model. Compatibil-

ity in other sea urchin species is due to the interaction of

gamete recognition molecules on both eggs and sperm (e.g.,

Minor et <//.. 1991; Metz and Palumbi, 1996). Our data

suggest that, in the American Echinoinetra, differences in

sperm-egg recognition molecules do accumulate over time

as species diverge.

Asymmetric gamete incompatibility like that observed

here has often been found between species pairs of sea

urchins and other free-spawning marine invertebrates. As

Lessios and Cunningham (1990) and Palumbi (1994) point

out, such cases are reminiscent of asymmetric behavioral

isolation observed between closely related, allopatric Dro-

xophila species (Kaneshiro. 1976, 1983). Why such a sim-

ilar pattern should be shared between such different mech-

anisms for reproductive isolation is worthy of consideration.

Borrowing from a hypothesis originally suggested by Mul-

ler (1942). Kaneshiro (1980) suggests that behavioral iso-

lation evolves as a byproduct of disruptive or directional

selection in allopatry, and its asymmetry is due to drift and

founder effects in one but not both of the descendent pop-

ulations. In an analogous fashion, asymmetric banners to

fertilization could emerge as an accident of history, such as

a bottleneck in one of the two sister species, then become

exaggerated as selection within the bottlenecked population

promoted coevolutionary changes of sperm and eggs.

Asymmetric gametic compatibility between sympatric

species, such as the one observed between F. liicunter and

F. viridis, has been found several times. Putative mor-

phospecies of Echiiwmetra nuithei that coexist in Okinawa

show highly asymmetric gamete incompatibility (Asian and

Uehara, 1997). A high percentage of eggs of Strongylocen-

trotus droebachiensis are fertilized by sperm of its sympa-

tric (but bathy metrically displaced) congener S. pallidiis.

but the reciprocal cross of S. pallidiis eggs and S. droe-

bachiensis sperm produces very low percent fertilization

(Strathmann, 1981). Oyster species in the genus Cras-

sostrea that co-occur in Japan show an asymmetric block to

fertilization (Banks et cil., 1994). Percent fertilization of

eggs from white abalones (Haliotis sorenseni) by sperm of

another California species. H. rufescens, is close to 100%,

but is much lower in the reciprocal cross (Leighton and

Lewis, 1982). In one case, asymmetric incompatibility ex-

ists between sympatric species that are distantly related.

Close to 100% of the eggs of the Hawaiian sea urchin

Colobocentrotus atratus can be fertilized by sperm of the

sea urchins Echinoinetra mathei. Pseudoboletia Indiana,

and Tripneustes gratilla (the latter two of which are in a
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different family). In contrast, the same concentration of C.

utrcitns sperm fertilizes a much smaller percentage of eggs

in the reciprocal crosses (Branham. 1972).

As in other cases where species are sympatric, it is

tempting to propose an adaptive hypothesis to explain why
E. liicunicr should have "choosier" eggs than E. wV/W/.v.

Lessios and Cunningham (1990) examined the hypothesis

of natural selection against hybridization that differs in

intensity between the two species. E. liicunter inhabits a

narrow band from the water surface down to a depth of

about 1 m. E. viridis individuals are often found within this

zone as well, but they are more abundant in deeper coral

reef, where E. hicunter is absent (McPherson. 1969; Lessios

et ui., 1984). Spawning seasons for the two species overlap

(Lessios, 1981b, 1985). and neither species shows a lunar

cycle (Lessios, 1991). Since sperm from one male can

fertilize the eggs of many females, the infiltration of E.

viridis into the E. liicunter zone may create a hazard to a

large fraction of spawning E. liicunter females, and if hy-

brids are less viable, may strongly select for discrimination

by its eggs. The zone of overlap, however, represents a

small fraction of the E. viridis population, which would

therefore be under much weaker selection to avoid hybrid-

ization. Under this hypothesis, discrimination against E.

viinbninti sperm would be a byproduct of discrimination

against E. viridis sperm. However, as Lessios and Cunning-

ham indicate, this "reinforcement" model predicting higher

discrimination by E. hicunter eggs would also predict that

E. hicunter eggs should protect themselves more effectively

against sperm of the sympatric E. viridis than against sperm

of the allopatric E. viinbninti. This is not the case.

We found that different females of E. hicunter show great

variation in their discrimination against heterospecih'c

sperm. Recognition of heterospecifics that varies within

species implies variation at compatibility loci in females.

Such variation plays a crucial role in some models for the

evolution of prezygotic isolation between species (Nei el

ui., 1983; Wu, 1985). These models invoke relaxed selec-

tion on females for compatibility with conspecific male

variants and suggest that drift and mutational input may
determine the fate of female compatibility alleles (Wu.

1985). An important prerequisite for these models is that

female alleles are neutral with respect to their effect on

female reproductive success. Our data are consistent with

this, given that large differences in cross-species compati-

bility are not associated with fertility differences within

species.

An incomplete barrier to fertilization of the strength

described here could only partially account for the apparent

lack of hybridization between sympatric E. liicunter and E.

viritlix in nature, shown by tixcd differences in two isozymic

loci (Lessios, 1979). It may be that habitat preferences work

in concert with gametic incompatibility to severely lower

the production of hybrid embryos; but a postzygotic isola-

tion mechanism not yet discovered is necessary to account

for the complete lack of introgression between the sympa-

tric species (Lessios and Cunningham, 1990).

Conclusion

Other studies have shown that fertilization barriers be-

tween free-spawning marine invertebrates can evolve rap-

idly (Palumbi and Metz. 1991 ; Metz ct ui.. 1998b; Hellberg

and Vacquier, 1999). Indeed, the gametic incompatibility

between E. liicunter and E. riridis must have appeared

within the last 1.5 million years (McCartney et /.. 2000).

However, the emergence of incompatibility must still rep-

resent an unlikely evolutionary event. In large part, the

proteins mediating fertilization are subject to strong stabi-

lizing selection, and many of them are greatly conserved

(Vacquier. 1998). Hence, it is not surprising that gamete

incompatibility in the neotropical Echinometra has not

evolved in a continuous fashion, resulting in a complete

barrier to genetic exchange. Rather the process has been

lineage-specific and has produced asymmetric reproductive

isolation. It may be that historical accidents such as popu-

lation bottlenecks play an important role in the initial emer-

gence of gamete incompatibility and explain why it does not

always evolve. One likely scenario in the present case

would be that accidental changes in gamete recognition

molecules on eggs initiate the process. These changes could

then drive compensatory sexual selection on cognate mol-

ecules in sperm and fuel their divergence. This scenario

would predict greater divergence of proteins mediating

sperm-egg recognition and binding in E. hicunter compared

to its neotropical congeners.
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Summary offertilization data, n = number of sperm dilutions tested; R~ = coefficient of determination; F(reg

of regression coefficient: ***P < 0.001. **P < 0.01. *P < 0.05. ns = not significant.

= F ratio testing significance
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Abstract. A new species of enteropneust, Harrimania

planktuphiliis. lives intertidally and subtidally in mixed

sediments in Barkley Sound, British Columbia, Canada. H.

planktophilus has a long proboscis skeleton extending into

the pharyngeal region. The collar (mesosome) has complete

dorsal and ventral mesenteries. The trunk (metasome) has

four distinct regions that can be recognized externally: the

branchial region, esophageal region, hepatic region, and an

undifferentiated intestinal region leading to the anus. The

dorsal pharynx is large and has long gill slits without

synapticles. Posterior to the gills is a constriction followed

by a short esophageal region and a long gonadal region. The

paired dorsolateral gonads extend almost to the end of the

trunk. Eggs in the ovaries appear amber yellow, and the

testes appear slightly paler. The trunk terminates at an anus

with a well-developed sphincter muscle. H. planktophilus

forms long sinuous burrows that are semipermanent and

shared. Females deposit a tubular egg mass in a burrow in

which the embryos develop directly into juveniles. Gastru-

lation appears to be by invagination, followed by a ciliated

stage that has a telotrochal swimming band, suggesting that

the ancestor to H. planktophilus developed via a tornaria

larva. The juveniles emerge from the egg membrane with a

ventral post-anal tail and assume an interstitial burrowing

life habit. The post-anal tail, mode of development, small

size and correlated simplification in body plan suggest that

H. planktophilus is closely related to Saccoglossus. and

together these worms may be sister taxa to the colonial
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Pterobranchia. A taxonomic key is provided to the entero-

pneust genera, and to the species of Harrimania.

Introduction

The deuterostome phylum Hemichordata is composed of

three extant classes: the Enteropneusta are solitary worms,

the Pterobranchia are colonial tube-dwelling suspension

feeders, and the Planktosphaeroidea are known only from

their larvae. The enteropneusts and pterobranchs differ suf-

ficiently in size and modes of reproduction and feeding that

some investigators have considered the phylum Hemichor-

data to be polyphyletic (Jeffries. 1986; Nielsen. 1994). A

recent molecular study strongly supports hemichordate

monophyly and suggests an entirely new hypothesis for the

evolution of the hemichordates (Cameron el al.. 2000). That

study proposes that the pterobranchs are a sister taxon to the

enteropneust family Harrimaniidae. and that this clade is a

sister taxon to the enteropneust family Ptychoderidae (i.e..

enteropneust paraphyly). If this phylogeny is correct, then

detailed studies of the morphology and development of the

harrimaniid worms should yield important insights into the

biology and evolution of the ancestral hemichordate and the

colonial pterobranchs.

Thirteen genera are currently recognized from four fam-

ilies of Enteropneusta: the Ptychoderidae. including the

familiar Balanoglossns; the monotypic hydrothermal vent

Saxipendiidae (Franzen ct al.. 19X5: Woodwick and

Sensenbaugh, 1985); the Spengeliidae; and the Harrimani-

idae, including the genera Protoglossus, Saccoglossus, Xe-

nopleitra, Stereobalanus, and Harrimania. Harrimaniids are

the most morphologically simple of the Enteropneusta; they

lack hepatic sacs, synapticles joining adjacent gill bars, and
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nerve roots extending from the collar cord; about 20 species
have been described from the family. To date, developmen-
tal observations of the family Harrimaniidae have been
restricted to Saccoglossus (Davis. 1908; Burdon-Jones.

1952; Colwin and Colwin, 1953). Saccoglossus pitsillus

(Davis. 1908) is the only harrimaniid from the West Coast
of North America for which developmental information

exists.

Ricketts et al. (1985; originally published in 1939) re-

mains the most comprehensive review of the Enteropneusta
from the Pacific Coast of North America. The present status

of the Enteropneusta from this region is briefly summarized
here. From the family Harrimaniidae. Saccoglossus (for-

merly Dolichoglossus) /nisillus (Ritter) (in Davis, 1908;

Horst. 1930) is described from San Pedro and San Diego,
California. In an earlier work. Ritter (1902) indicates that

this same animal is abundant in Puget Sound. Recently, the

Saccoglossus from Puget Sound was described by King et

nl. (1994). who found it conspecific with S. hromop/ieno-
losus (formerly identified as S. kowulemkii) from the North-

east Coast of the United States. Two other apparently un-

described species of Saccoglossus occur on the Pacific

Coast: one is common subtidally in Barkley Sound, British

Columbia (Cameron and Mackie. 1996; Cameron et al.,

1999). and the other is from the Santa Maria Basin (Wood-
wick. 1996). Molecular tools should help us to distinguish
the morphologically similar species of this North American

genus. Stereobalanus sp. has been discovered from the

Santa Maria Basin (Woodwick, 1996), and Harrimaniu
maculosa (Ritter. 1900) is described from Alaska.

Two undescribed species of Schizocardium (family Spen-
geliidae) have been found on the coast of California: the

first is from Mugu Lagoon (Ricketts et al., 1985) (now a

military base) and Newport Bay (Ricketts et til.. 1985)
(which now has a highly modified and heavily populated
shoreline), and the second is from the Santa Maria Basin

(Woodwick, 1996). From the family Ptychoderidae, Ritter

( 1902) mentioned, but did not describe. Balcmoglossiis oc-

cidentalis from San Pedro. California. Other species of

Balanoglossus have been collected from the Santa Maria
Basin (Woodwick, 1996) and from the northeast coastline of
the Sea of Cortez (author's collection). Glossobalanus ber-

keleyi (Willey. 1931). originally described from Nanaimo,
British Columbia, is no longer present in Nanaimo Bay, but

is found in Puget Sound. Washington (author's records).

Ptychoderidae is the morphologically most complex of the

enteropneust families, and the life cycle of its species usu-

ally includes a tornaria larva. Two species of tornaria larvae

have been described from western North America (see

Ritter and Davis, 1904), but the corresponding adult worms
are unknown.

The purpose of the study reported here was to describe

Harrimania planktophilus, a newly discovered member of
the Harrimaniidae from the West Coast of North America.

The description includes in addition to details of habitat

and morphology observations on the mode of develop-
ment of H. planktophilus. Features of this development
support the recent hypothesis (Cameron e t al.. 2000) that the

Harrimaniid worms are sister taxa to the colonial class

Pterobranchia; the evidence also suggests that these taxa

evolved from a worm-like ancestor with indirect develop-
ment. See the appendix for a key to the families and genera of
the Enteropneusta and the species of the genus Harrimania.

Materials and Methods

Harrimania planktophilus (Figs. 1 through 5) was col-

lected from the intertidal sand flat at Cape Beale (48 47'

30" N, 125 12' 56" W) in Barkley Sound, Vancouver
Island, Canada. Six worms were collected during February
1997. and another twenty-one were collected over the sum-
mer of 1999. All worms were transported to the Bamfield
Marine Station, where they were kept in specimen bowls

containing their natural sediment under a flow of fresh

seawater. One or two worms at a time were removed from
their bowls for histology. These animals were allowed to

defecate their gut contents, and the external surface was
cleaned of sediment. The cleaned worms were relaxed in

7% MgCl 2 , then fixed in Bouin's solution, and dehydrated
in a graded series of ethanol. Once in 100% ethanol, the

animals were dissected into small pieces, transferred to

xylene, and infiltrated with paraffin wax. Sections were cut

on an American Optical Coiporation 820 Spencer mic-

rotome, stained with either Delafield's hematoxylin or erio-

chrome-cyanin, and viewed and photographed with an

Olympus OM-4T 35-mm camera mounted on an Olympus
BH2 compound microscope.

I was unable to study unfertilized eggs, fertilization, and

early cleavage stages preceding the late blastula stage. Blas-

tulae were obtained on 19 February 1997 from a single egg
mass maintained in an aquarium; about 70 embryos were in

this tubular mass. Twenty of these embryos were removed
and reared in finger bowls containing fresh seawater that

was changed daily, but mortality was high. Consequently,
the remaining 50 embryos were allowed to develop in the

jelly mass, in the sediment, but an individual was removed

periodically to document development. The temperature of

the seawater during the observation period varied between
10 C and 1 1 C. The various stages were measured, photo-

graphed, described, and drawn.

Taxonomic Treatment

Harrimania Ritter 1900

Harrimania Ritter 1900: 112.

TYPE SPECIES: Harrimania maculosa Ritter 1900:

112-115.

Harrimania planktophilus new species

Figs. 1, 2. 3. 4.
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Figure 1. Harrimania planktophilus. Total length of a relaxed and uncoiled animal is approximately 32 mm.

c, collar; gp, gill pores; m. mouth; p. proboscis; t. trunk.

Description

External

Harrimania planktophihts is, in general, muscular and

active. It is robust and can be collected intact, unlike many
other species of enteropneust, which are fragile and easily

broken. H. planktophilus (Fig. 1) is small compared with

other enteropneusts. The longest individual was 6 cm in

length when extended in the bottom of a specimen bowl,

and the average specimen was approximately 3.5 cm. The

proboscis is conical, is longer than broad, and about twice as

long as the collar (Fig. 1 , 2). It bears a middorsal groove that

extends two-thirds the length of the proboscis from the

posterior margin. In some animals, the proboscis skeleton is

pigmented black and can easily be seen through the probos-

cis epithelium. The collar is shorter than it is wide, with a

distinctive circumbuccal groove about halfway between an-

terior lip and posterior marginal ridge. The posterior mar-

ginal ridge of the collar is accompanied by a fine crease.

Anteriorly the collar lip (see fig. 4, in Cameron, 2002) is

muscular and contractile, altering the circumference and

shape of the mouth. An epidermal pit is always present at

the dorsal midline where the collar meets the trunk, and its

perimeter is rust colored. The trunk can be separated into

four regions: a long anterior branchial region; an esophageal

region with a reddish esophageal organ; a short transparent

region, followed by a darkly pigmented hepatic region

(there are no liver sacs); and an intestinal region that has a

terminal anus with a sphincter muscle. In gravid males and

females the gonads are a pair of large, irregular masses,

located dorsolaterally and extending from the posterior pha-

ryngeal region to the anus. The pharyngeal region has many
(36.2 SD 9.7; n = 6) pairs of large, muscular gill pores

(Figs. 1.5) that open to the outside in paired dorsolateral

grooves. A strong exhalent water current was observed in

animals acclimated to cold (5-7 C) seawater. Under these

conditions, the pores are expanded, and through the pores

can be seen the tongue bars in the wall of the pharynx. In

about 1 of 10 animals, the skeletal bars are black, rather than

the more common collagenous opaque white. The pharyn-

geal region is 5 times the length of the extended proboscis.

The esophageal region has a large bilobed muscular organ

that is pigmented dark red, and posterior to this is a darkly

stained hepatic region, and then a meandering gut that can

be seen through the translucent body wall. The following

measurements are from an average adult living specimen:

length of proboscis, 2 mm; length of collar, 1 mm; length of

pharynx, 9 mm; length of esophagus to anus. 20 mm; total,

32 mm.
Color (Ridgway, 1912): cream-colored proboscis (pi

XVI, f-19); capucine orange collar (pi HI, d-13); pale yel-

low-orange trunk (pi III, f-15), except for the esophageal
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Figure 2. Light micrograph of a longitudinal section of Harrinwnia planklai'liitits. bs, branchial sac (
=

atrium); cc, collar coelom; ep, epithelium; g. glomerulus; gb, primary or gill bar; gl. gut lumen; Im, longitudinal

muscles; mo, mouth; ov, ovaries; pr, proboscis; ps. proboscis skeleton; st, stomochord; tb secondary or tongue

bar; tc, trunk coelom (or metacoel); vc. ventral cord.

organ, which is brick red (pi XIII, k-5), and the hepatic

region, which is brownish olive (pi XXX, m-19). The eggs
are amber yellow (pi XVI, b-21), and the male gonads are

slightly paler.

Anatomical and histologictil characters

Proboscis. The epithelium of the proboscis is simple and

columnar, with multiciliated cells and with glandular cells

having basal nuclei. The nervous layer of the ectoderm is

about equal in thickness to the underlying circular muscle

layer, and thickening slightly under the dorsal proboscis

groove. The longitudinal muscle fibers, in transverse sec-

tion, are arranged in radiating plates, as in Pftchodera and

Stereobalanus (Woodwick, 1996): there are fewer than 50

plates, with spaces between them, and they narrow near the

center of the proboscis where the coelom is small or absent

(Fig. 3A). There is no ventral proboscis mesentery; instead,

a plate of connective tissue underlies the ventral stomochord

and extends ventrally, nearly halfway to the epidermis,

wedging itself between two radial muscle plates. This con-

nective tissue is contiguous with the posterior portion of the

proboscis stomochord (Fig. 3G) and becomes continuous

with the proboscis skeleton posteriorly. The stomochord,

which lacks the vermiform process of Schizocardium

(Horst, 1939), is composed of columnar cells arranged

radially around a central ciliated lumen, each cell with a

large vacuole distally and a proximal nucleus. The ciliated

lumen opens into the dorsal midline of the buccal collar. JUM
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ps

Figure 3. Light micrographs of transverse sections of Harriimmia /'Uinktu/tliilii*. (A) Proboscis. (B)

Proboscis si. ilk and anterior collar lip, (C) Collar. (D) Pharyngeal region of the trunk. (E) Esophageal

region. (F) Intestinal region. (Gl The stomochord is flanked by the heart-kidney coelomic complex, and has

a central lumen, hp, branchial pharynx; bs. branchial sac (= atrium): cc. collar coelom; cl. collar lip: dm.

doisal mesentery: dp. digestive pharynx: dv. dorsal vessel: eo. esophageal organ; ep. epithelium; g,

glomerulus; gl. gut lumen; gp, gill pore; h. heart; 1m. longitudinal muscles; mo, mouth; nc. nerve cord; ov.

ovaries; p, pericardial sac; pc, proboscis coelom (protocoel); pd, perihaemal diverticula; pm, proboscis

mesentery; pr. parabranchial ridge; ps, proboscis skeleton; st, slomochord; tc. trunk coelom (metacoel); vc,

ventral cord.
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posterior to the position where the two proboscis skeleton

crura bifurcate from the skeletal body. An extensive U-

shaped glomerulus is situated on the wall of the heart and at

the anterior tip of the stomochord. The pericardium, in

transverse section, is a small wedge-shaped sac that extends

dorsally from the heart, nearly halfway to the epidermis,

between two longitudinal muscle plates (Fig. 3G).

The proboscis coelom is small to absent, is never divided

completely, and extends posteriorly on the ventral and dor-

sal sides of the stomochord. Ventrally the coelom ends in a

blind sac; dorsally it extends extremely posteriorly into the

stalk and opens to the outside through a single proboscis

pore just left of the dorsal midline of the proboscis stalk and

almost into the anterior neuropore.

Collar. In some specimens, an anterior neuropore is lo-

cated at the midline of the proboscis stalk where it meets the

collar. A posterior neuropore is always present at the dorsal

midline where the collar meets the trunk. Over the length of

the collar nerve cord, one or two small lacunae may reside

lateral to the midline. Giant nerve cells are absent. A dorsal

mesentery is present throughout the length of the collar cord

(Fig. 3C). Ventral to the collar cord, the perihaemal coelo-

mic diverticula are well developed and extend from the

trunk coelom for two-thirds the length of the collar; the

mesentery between the diverticula is well defined. Anteri-

orly the diverticula become confluent, reduced in size, and

enveloped in collagenous tissue that is continuous with the

proboscis skeleton. In the collar, the dorsal blood vessel lies

in the mesentery formed by the adjacent medial walls of the

perihaemal diverticula (Fig. 3C). The collar coelom extends

far anteriorly into the proboscis neck (Fig. 3B). Peribuccal

spaces are apparently absent. The body of the proboscis

skeleton (Fig. 3B) reaches beyond the middle of the collar

before bifurcating into two crura that extend into the pha-

ryngeal region. The stomochord consists of two distinct

parts. The anterior pouch-shaped part has a central ciliated

lumen that opens into the buccal cavity (Fig. 3G), as it does

in all Hemichordata. The anterior part is continuous with a

posterior gutter-shaped part, which projects posteriorly

from the pore of the stomochord lumen, farther along the

roof of the buccal cavity, before ending as two open

troughs. The stomochord of H. planktophilus is thus similar

in design to that ofHarrimania macitlosa (Ritter, 1900), but

not as extensive.

Trunk. Poorly developed parabranchial ridges (Fig. 3D),

formed by the ventral edge of the gill bars projecting into

the pharynx (see fig. 2 in Cameron, 2002). separate the

dorsal branchial pharynx from the ventral digestive pharynx

(Fig. 3D). The gill slit skeletal bars are commonly opaque,
but in 1 of every 10 animals, they are pigmented black.

Peripharyngeal diverticula extend into the tongue bars only.

No synapticles join the gill bars with the tongue bars (see

figs. I, 2 in Cameron, 2002). The atrial canal (branchial sac)

(Fig. 3D, and see fig. 2 in Cameron. 2002) is U-shaped,

heavily ciliated, and leads from the pharyngeal gill slits to

the outside via the ciliated gill pore. An epibranchial ridge

is absent. Harrimaiiia planktophilus is dioecious. Gonads,

which are restricted to the posterior two-thirds of the trunk

perivisceral coelom. begin in the pharyngeal region and

extend into the intestinal region (Figs. 2, 3D). Gonadal

pores occur dorsolaterally. Immediately behind the pharynx,

the esophogeal epithelium thickens laterally (Fig. 3E) and

forms two opposing lobes, called here the esophageal organ;

the lumen is correspondingly reduced in size, as compared
with that of the intestine. The intestine meanders en route to

the anus; it is lined with a simple epithelium, and hepatic

sacs are absent. Two longitudinal muscles are broad and

well-developed ventrolaterally. and narrow dorsally (Fig.

3E). Circular muscle is absent in this part of the body. The

subepidermal nerve layer is thickened on the dorsal midline

and even more so on the ventral midline (Fig. 3F). Thus, the

midventral cord may be the main conductive channel in the

trunk, as it is in a sympatrically occurring and apparently

undescribed Saccogloxsiis sp. (Cameron and Mackie, 1996).

Diagnosis

The adult animal is distinguished by having a single

proboscis pore, a glomerulus that extends frontally over the

stomochord (Fig. 3G), and a proboscis skeleton that extends

into the pharyngeal trunk. The stomochord begins in the

buccal collar as a middorsal ridge; the ridge is maintained

on the lateral sides by the proboscis skeletal crura. The

opening of the stomochord canal is positioned just posterior

to where the two crura meet to form the skeletal body. The

collar has a complete dorsal mesentery (Fig. 3C). Animals

may have as many as 54 pairs of gill pores. Gonads overlap

with only a few of the most posterior gill pores, and the eggs

are pigmented yellow.

Development

Embryos were found in aquaria at early blastula to mid-

blastula stage and, therefore, information about gamete

structure, egg maturation, events of fertilization, early

cleavage stages, and blastulation is lacking. The coeloblas-

tula (Fig. 4A) is 75 /xm in diameter and heavily pigmented
lemon yellow. It develops in a fertilization membrane 83

/mi across that has a thin (1.5 /urn) sticky jelly layer, thus

development of the animal was often obscured by debris

and sand adhering to the jelly coat. Gastrulation appears to

proceed by invagination of the posterior (vegetal) pole,

resulting in a hemispherical shape that persists for about 1 2

h (Fig. 4B). The wide archenteron greatly reduces the blas-

tocoel. The blastopore begins to constrict, changing the

shape of the gastrula, once again into a sphere (Fig. 4C).

Over a period of 24 h the blastopore shrinks, finally per-

sisting as a teardrop shape. There are no external cilia.

The development of cilia initiated rotation within the
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Figure 4. Diagram of the later development of Harnmania plankto-

philus. (A) Blastula. (B) Gastrulation showing obliteration of the blasto-

coel. (C) Unciliated gastrula. (D) Ciliated embryo with a diffuse ciliated

telotrochal band. (E) Newly hatched juvenile. (F) Juvenile with distinct

body regions. (G) Juvenile at the first gill pore stage, lateral view.

(Hi Juvenile at the first gill pore stage, dorsal view. (I) Juvenile at the

second gill pore stage, lateral view, a, anus; bl, blastopore; c, collar; gp. gill

pore; gpl. first gill pore; gp2, second gill pore; gt, gut; p. proboscis; pat,

post-anal tail: poco, pre-oral ciliary organ; t, trunk; tl, telotroch.

embryonic chorion 42 h after the embryos were discovered

(Fig. 4D). In addition to rotating, the "larvae" propel them-

selves in the apical direction. A dimple is all that remains of

the closed blastopore. The spherical larvae are 72 /nm in

diameter. A wide telotrochal band forms on the otherwise

uniformly ciliated ball; there is no ciliated apical tuft. Elon-

gation by the constriction of a midventral groove is fol-

lowed by the hatching of a 90-/u,m-long, benthic pre-juvenile

stage (Fig. 4E). As with the rest of the development, hatch-

ing is asynchronous. Of 20 individuals that were extracted

from the burrow egg mass and reared in culture, only a

single animal hatched. Of about 50 embryos left in the

burrow. 14 survived development into juveniles. The fate of

the remaining eggs is uncertain, but predation cannot be

ruled out because sympatrically occurring species were

present in the sediment. Often the jelly layer is shed shortly

before the embryo hatches from the transparent chorion.

Elongation and differentiation of the body into a distinct

proboscis, collar, and trunk was complete by day 8 for the

remaining few animals in culture (Fig. 4F). The lengths of

these body regions were 55.0 /am. 18.5 jum, and 75.0 jam,

respectively. The animal could locomote on a plastic dish

one body length every 2 s. Forward locomotion is guided by

a ciliated muscular proboscis. Posterior locomotion is

equally efficient and accomplished by a reversal in ciliary

beat. Ciliation is most apparent on the proboscis tip. the

collar, and the end of the tail. The pre-oral ciliary organ

developed later, after about 12 days. The posterior ventral

tail becomes post-anal with the completion of the alimen-

tary canal. The tail extends from the ventral trunk and is

heavily ciliated and glandular. The tail can adhere to sedi-

ments, plastic, and glass. Like the adults, the juveniles move

away from light.

The first pair of gill clefts (perforating the pharyngeal

epithelium) and gill pores (perforating the ectoderm) are

large and appeared on day 15 (Fig. 4G). The circular clefts

are lined with long cilia and lack any sign of a skeleton.

When the juvenile is viewed perpendicular to its body axis,

ciliary waves are seen to pass in a clockwise direction on the

left side of the body and counterclockwise on the right side

of the body. In other words, the metachronal ciliary beat,

around the rim of each pair of clefts, is in a bilaterally

symmetrical pattern. At day 17. the juveniles had a second

pair of gill pores and a ventral post-anal tail (Fig. 41).

Eventually a gill skeleton develops around the perimeter of

the gill cleft, elongating it into a dorsoventrally elongated

gill slit (data not shown).

Biology

Harnmania planktophilus is an active infaunal burrower.

Individuals were found in two locations in Barkley Sound,

subtidally in the Ross Islets (49 52 'N. 125 10'W) and in

the low intertidal of a protected beach adjacent to the

eastern slope of Cape Beale (48 47' 30" N, 125 12' 56"

W). At Cape Beale. H. planktophilus was collected at the

extreme low tides that occur during the morning hours in

spring and summer, and during the evening in fall and

winter (Canadian Tidal Tables). H. planktophilus was typ-

ically found in a mixture of biogenic calcium carbonate

debris and sorted sands with a low concentration of organ-

ics. The carbonate fraction of the Cape Beale deposits in the

lower tidal range typically contains more than 30"7r barnacle

plates together with fragments of gastropods and, in lower

abundance, echinoids. bryozoa, and foraminitera.

H. planktophilus creates sinuous interconnected tunnel

systems that do not seem to approach the epibenthos. They

are strongly photonegative and lack the odor of bromophe-

nols. In aquaria, more than one animal would frequent a
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Figure 5. Diagram of Harrimania planktophilus in situ with a cylindrical mass ot embryos. A tentatively

undescribed species of enteropneust, Saccoglossus (a surface deposit feeder), is sympatric with H. plankiophilus

at Cape Beale. c, collar; p, proboscis; t, trunk.

single burrow system. Embryos are deposited in the burrow;

the egg mass is cylindrical and has a hollow center, through

which adult worms and water currents may pass (Fig. 5).

Embryos stick to each other with a thin, sticky jelly coat. The

face of the embryonic chorion directed towards the lumen of

the burrow is clean, whereas the face directed towards the

burrow wall is coated with sediment and detritus.

H. planktophilus ingests sediments that it traps in mucus

on its proboscis (Fig. 5) and transports back to the mouth

with cilia. It also feeds on organic matter in interstitial pore

water, employing its pharyngeal cilia to propel water into its

mouth and out of its gill pores (Cameron, 2002). Although

debris acquired from pore water may constitute a small

amount of the total gut content, it may have a significant

nutritional role.

Etymology

The species name is Latin and means "plankton loving."

reflecting the animal's ability to suspension feed on plank-

ton in interstitial pore water.

Holotype

Adult female: British Columbia, Vancouver Island.

Barkley Sound, Cape Beale protected beach, north side

adjacent to the "gap," 48 47' 30" N, 125 12' 56" W, 20

September 1999, C. B. Cameron.

Sectioned specimen deposited at the Royal British

Columbia Museum (RBCM); holotype number 001-

00109-001.

Paratypes

Two specimens of undetermined sex deposited at the

RBCM; paratype number 001-00109-002.

Evidence the Genus Harrimania is Monophyletic

There are three families of Enteropneusta four if

Sa.xipendium coronation, the deep-sea hydrothermal vent

enteropneust (Woodwick and Sensenbaugh, 19851, consti-

tutes a family of its own. Harrimania planktophilus belongs

to the family Harrimaniidae, of which there are about 20

described species from the genera Saccoglossus, Protoglos-

sus. Siereobalanus, Xenopleura, and Harrimania. Harrima-

niids have no liver sacs, no synapticles joining the primary

and secondary gill bars, and no nerve roots in the collar cord

mesentery. Harrimania is distinguished from Saccoglossus

by having a short proboscis (Figs. 1, 2), and from Xeno-

pleura by having large pharyngeal pores (Fig. 1). Harrima-

nia is distinguished from Protoglossus by having a more

developed gill skeleton. Harrimania is distinguished from

Stereobalanus by lacking a pair of genital wings and gill

pores fused to a common dorsal slit (Ritter. 1900).

Two other species of Harrimania are known: H. nuicii-

losa (Ritter, 1900) and H. kitpfferi (Spengel, 1901, in Horst,

1939); both have, like Stereobalanus, paired proboscis

pores. H. maculosa is commonly found intertidally in

Alaska at Kodiak, Prince William Sound, Orca, and Valdez.

This thick, dark brown acorn worm is about 1 2 cm long and

emits a strong bromophenol odor (Ritter, 1900). It does not

burrow as do most enteropneusts, but lies under stones after
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the fashion of some holothurians. In all of these respects H.

niciciilo.sd is unlike the species described here, H. plunkta-

phihis. Perhaps the most distinctive feature of H. maculosa

is its two-part stomochord. H. niaculoMi always has two

proboscis pores, and has an epibranchial ridge (Ritter, 1900).

H. kupfferi is from Scandinavia (Oresund near Hellebaek,

Kattegatt. east of Laesso Island) and Greenland (Horst,

1939). H. kupfferi is 8-9 cm long, with a pale-colored

proboscis and collar, reddish gonads, and a brown trunk. It

differs from H. planktophilus in that its glomerulus halves

do not connect frontally. The crura of the proboscis skeleton

are not as extensive, extending to the posterior end of the

collar, whereas in H. imwiilosu and H. planktophilus they

extend into the trunk. H. kupfferi has no mesentery separat-

ing the dorsal and ventral collar coelomic cavities, and the

dorsal pharynx, with up to 40 gill pores, is smaller than the

ventral pharynx (Horst, 1939). In contrast, the dorsal phar-

ynx of H. plunktophiliis is larger than the ventral pharynx

(Fig. 3D) and has as many as 54 pairs of gill pores.

Phylogenetic Relationships

The presence of a telotrochal swimming band (Fig. 4D)

during the development of Harrinumiu planktophilus sug-

gests that the harrimaniids had an ancestor that developed

indirectly. Within the family Harrimaniidae, Harriinania is

a sister taxon to Stereobalanus (Reinhard, 1942) a conclu-

sion based on the shared presence of paired protocoel ducts

and pores. Molecular sequence data suggest that the harri-

maniid worms are more closely related to the colonial class

Pterobranchia (including the genera Rhahdopleitra and

Cephalodiscus), which also have paired protocoel ducts and

pores, than they are to the ptychoderid worms (Balanoglos-

sus and Pt\clioilcru) (Cameron ct ai. 2000). The evolution

of the pterobranchs from a harrimaniid ancestor may have

involved a reduction in body size and a switch to colonial-

ity. Harrimaniids and pterobranchs, when compared to pty-

choderid enteropneusts, show a reduction and disappear-

ance of coelomic diverticula. gonads, and gill slits. The

pterobranchs show the most extreme reduction in the size

and complexity of these structures. The ventral post-anal tail

of juvenile H. planktophilus (Fig. 4G-I) may be homolo-

gous to the stalk that joins pterobranch zooids. The phylo-

genetic position (Cameron ct ul., 2000) and ontogeny off/.

planktophilus support the idea that the harrimaniid worms

are intermediate in form between a complex and indirectly

developing worm-like ancestral body plan, and the simple

and directly developing body plan of the colonial class

Pterohranchia. See the appendix for a key to the families

and genera of the Enteropneusta and the species of the

genus Hdrrinitinui.
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Appendix

Ke\s to the families and genera of the Enteropneusta, and to the species of the genus Harrimania

A. Stomochord with a vermiform process: pericardium and glomerulus with paired anterior

diverticula more or less developed Spengeliidae

(a) Liver sacs and synapticles present; gill slits almost equaling the pharynx in depth, so that

the ventral, non-pharyngeal part of the pharynx is reduced to a mere groove; nerve roots absent;

pericardia! diverticula long Schi:ocuriliii>ii. Spengel (1893)

(b) Liver sacs absent; ventral part of pharynx well developed; pericardia! diverticula short

(i) Synapticles and nerve roots absent,

(<;) Pcribuccal spaces Willcyiii. Punnctt (1903)

(ft) Without peribuccal spaces Glandiceps. Spengel (1893)

(ill Synapticles present; nerve roots present or absent; genital region with dermal pits Spengelia, Willey (1898)

B. Stomochord with no vermiform process; pericardium simple; ventral part of pharynx large, and

sometimes more or less separated from the branchial part

(a) Liver sacs, synapticles, and nerve roots present Ptychoderidae

(i) Genital wings well developed

(<;) Atrium opening by long slits Ptyeliodeia. Eschscholtz (1825)

(i) Atrium opening by small pores Bulanoxlossus, Delle Chiaje (1829)

(ii) Genital wings hardly developed Glox.\ohalaini.\. Spengel (1893)

(b) Liver sacs, synapticles, and nerve roots absent Harrimaniidat'

(i) With many atria

(a) Proboscis long; one proboscis pore

(1) burrowing Saccogloxsus, Schimkewitsch (1892)

(2) non-burrowing Sa.\ipeitdiiiin, Woodwick & Sensenbaugh (1985)

(j3) Proboscis short

(1) one proboscis pore; viviparous Xenoplcura. Gilchrist (1425)

(2) usually two proboscis pores

(a) Two pairs of genital wings Stereobalanus, Spengel ( 1901 )

(b) No genital wings Harrimania, Ritter (190(1)

(I) Proboscis skeleton extending into trunk, with collar mesenteries

- Extensive branchial ridge and collar Stomochord H. macuhnu. Ritter (1900)
- Reduced branchial ridge and reduced collar Stomochord H />/<iAM/>/j//n.s. Cameron

(II) Proboscis skeleton not extending into trunk, without collar mesenteries H. kupfferi. Spengel (1901)

(ii) Without atria Protoglossus. Caullery & Mesnil (1904)
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Abstract. An investigation of the feeding behavior of the

acorn worm Harrimania planktophilus suggests a novel

form of enteropneust feeding with significant phylogenetic

implications. H. planktophilus is a holoinfaunal worm that

feeds on deposited sediments, and filter feeds on suspended

particles in interstitial pore water. To visualize the particle

retention behavior involved in filter feeding, adult animals

were held in chilled seawater under low light and fed food

coloring and fluorescent particles. The behavior was re-

corded by videography. Most particles ingested were drawn

into the mouth by an incurrent flow created by cilia on the

pharyngeal bars and without the aid of mucus. Particles that

passed freely through the gill pores averaged 3.04 /urn.

whereas particles retained in the gut and defecated in the

feces averaged 13.9 /u-m. Food coloring entered the mouth

and was pumped through the pharynx at a rate of 0.5-2.0

mm/s. There is no evidence of an endostyle or mucus-net

capture mechanism in H. planktophilus, but instead particles

are filtered and manipulated by a dense covering of cilia on

the pharyngeal gill bars. This study suggests that the filter-

feeding pharynx is not an innovation of the chordates, but

evolved prior to the evolutionary divergence of the hemi-

chordate-echinoderm clade from the chordates.

Introduction

The enteropneust worms and bryozoan-like pterohranchs

constitute the small deuterostome phylum Hemichordata,

which is generally regarded as an early offshoot from the

Received 9 November 2000; accepted 23 January 2002.

Current address: Department of Biology, University of Victoria. Victo-

ria, BC V8W 2Y2, Canada. E-mail: jetsam@uvic.ca

chordate line of evolution (Ruppert and Barnes, 1994). Such

a group might be expected to hold clues concerning early

chordate pharyngeal evolution, but pharyngotremy and the

feeding behavior of hemichordates have been little studied

since the work of Barrington ( 1940; Barrington and Thorpe,

1963). What little work has been done on enteropneust

feeding behavior has primarily focused on deposit feeding.

The Enteropneusta have long been considered classical mu-

cociliary feeders, collecting their food particles on the pro-

boscis with mucous secretions, and transporting them on the

surface of multiciliated cells to the mouth (Barrington,

1940; Knight-Jones, 1953; Burdon-Jones, 1962; Thomas,

1972). In addition to deposit feeding, some evidence of filter

feeding in the Enteropneusta has also emerged from the

research of Barrington (1940; Glossobalanus minutits),

Knight-Jones (1953; Saccoglossus horsli). and Burdon-

Jones (1962; Balanoglossiis gigas). Barrington ( 1940) stud-

ied the path of carmine particles as they moved in and

around the collar lip of Glossohtilanus minntus. The major-

ity of particles were transported with the aid of mucus, but

some were pulled into the mouth with a ciliary current,

suggesting that G. minntus is able to acquire food by filter

feeding. Flow velocities and particle-size measurements

were not reported in that feeding experiment, so the effec-

tiveness of the feeding mechanism, including the size se-

lectivity of suspended particles, could not be estimated.

Respiratory currents were also observed to enter the mouth

of burrowing Saccoglossus horsti, apparently to assist sed-

iment-laden mucus to enter the mouth (Knight-Jones, 1953).

Balanoglossits gigas, the largest of the enteropneusts.

grows to lengths exceeding 2 m (Horst, 1939). and creates

deep buiTOW systems with many connections to the surface

142
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(Burden-Jones, 1962). When graphite suspensions were re-

leased at the margin of the collar lip of B. gigax, the

particles were swiftly drawn into the dorsal branchial phar-

ynx, with no indication that mucus was playing a role in

transport. Particles were trapped in the branchial pharynx,

and transported ventrally to two grooves on the para-

branchial ridges, which separate the dorsal branchial phar-

ynx from the ventral digestive pharynx. The parabranchia]

ridges rolled the graphite into mucus produced by the pha-

ryngeal epithelium, forming a loose cord. This cord was

then transported ventrally to the digestive pharynx, and then

posteriorly to the esophagus, hepatic region, and eventually

the intestine. This branchial sieving mechanism was very

efficient and prevented particles of 1 to 2 /j,m from passing

out through the branchial pores (Burdon-Jones, 1962). Not-

withstanding these observations in support of filter feeding,

this mechanism was regarded as secondary to deposit feed-

ing (Knight-Jones, 1953; Burdon-Jones, 1962) or of minor

importance (Thomas, 1972).

Among deuterostomes, gill slits occur in fossil echino-

derms (Jeffries, 1986), hemichordates, and chordates. In

enteropneusts they are generally believed to dispose of

excess water that is transported into the pharynx with in-

gested sediment (Barrington, 1940; Knight-Jones, 1953;

Burdon-Jones, 1962; Barrington and Thorpe, 1963), and are

also assumed to be gas-exchange surfaces (Ruppert and

Barnes, 1994). The chordate pharynx, on the other hand,

collects and concentrates suspended food (ascidians and

amphioxus), and provides a means of locomotion for salps

and doliolids (Bone, 1998). The pharynx of lamprey am-

mocete larvae functions much like that of amphioxus, and

the vertebrate pharynx functions as a surface for gas ex-

change (although filter feeding has been reinvented in some

taxa). In higher vertebrates, the gill bars have been modified

to form the jaws and the hyoid arches (Radinsky, 1987).

Given the unquestionable shared form of the hemichor-

date pharynx with that of fossil echinoderms and protochor-

dates, I decided to investigate the potential for filter feeding

in the enteropneust worm Harrimania planktophilus. My
goals were (i) to confirm my preliminary observations sug-

gesting filter feeding by this enteropneust (Cameron, 2002),

(ii) to quantify the size range of particles that the pharynx

can filter from seawater, and (iii) to examine the pharynx

microscopically to better understand the movement of water

and particles through it. The results of this study challenge

the long-held view that the filter-feeding pharynx is a syn-

apomorphy of the chordates, and suggest that it may have

been present in the common ancestor to the hemichordates,

echinoderms, and chordates.

Materials and Methods

Harrimania planktophilus was collected from the inter-

tidal sand flats at Cape Beale (48 47' 30" N. 125 12' 56"

W) Barkley Sound, Vancouver Island, Canada. Twenty-one
worms were collected over the summer of 1999 and trans-

ported to the Bamfield Marine Station, where they were kept

in specimen bowls containing their natural sediment under a

flow of fresh seawater. One or two worms at a time were

removed from their bowls for videomicrography, light mi-

croscopy, or scanning electron microscopy. The feeding

behavior of H. planktophilus was recorded as follows. An-

imals were first placed in finger bowls without sediment,

and then allowed to cool on ice until the water temperature

was between 5 and 7 C. Cooling was the most effective

way to relax the muscular and mucus secretory responses of

the animals, which are otherwise stressed from being re-

moved from the sediment. An ice bath was also the most

effective means of keeping the water cool during videore-

cording. H. planktophilus is strongly photonegative. and

animals were therefore filmed with the lowest light levels

consistent with maintaining a visible image. Orange, red,

and blue filters were placed between the fiber-optic light

source and the animal, but this did not appear to reduce its

photosensitivity. To make images of the water current

through the mouth and pharynx of H. planktophilus. a

number of particles suspended in seawater were tried, in-

cluding carbon dust, starch, Sephadex beads, carmine red,

and fluorescent particles (Dayglo Color Corp.). Dyes in

seawater solution were also tried, including diluted milk,

methylene blue, fluorescein, and blue food coloring. H.

planktophilus responded most positively to the orange flu-

orescent particles (Dayglo Color Corp.) and blue food col-

oring in seawater. The orange fluorescent particles were

positively charged and had a size range of 1.6-30 /u,m, with

20% at 6 jam. The size of the particles cleared and captured

by H. planktophilus was determined by direct measurement

of the particles that passed freely through the gill slits, and

that were bound into fecal material. Feeding trials were

taped and measurements taken with a JVC 3-CCD color

video camera mounted on a Wild dissecting microscope.

Still pictures in Figures 2 and 3 were captured with imaging

software (Optimus Corporation).

From these data, the Reynolds number was estimated as:

1U
Re =

.

v

where / is the inside diameter of the pharynx (in meters), U
is the flow velocity (m s"

1

) of the dyestream front as it

entered the mouth, and v is the kinematic viscosity of

seawater (= 1.047 X lO^nrs' 1 @ 20 C) (Vogel, 1981).

In preparation for light microscopy, animals were al-

lowed to defecate their gut contents and were cleaned ex-

ternally of sediment. They were then relaxed in 7% MgCK,
fixed in Bouin's solution, and dehydrated through a graded

series of ethanol dilutions. Once in 100% ethanol, these

specimens were dissected into small pieces, transferred to
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Figure 1. Scanning electron microscope images of sectii meJ m.iiL-nal ol Harrimania planktophilus, I A) The

dorsal branchial pharynx, showing the primary bars, tongue bars, and gill slits. (B) The gill bars and slits in the

dorsal branchial pharynx. (C) Cilia and mucus on a gill bar. (C inset) High-magnification image of cilia on a

tongue bar. (D) The esophageal organ concentrates food in passage from the pharynx to the hepatic region of

the gut. ebr. epibranchial region; eo, esophageal organ; gb. primary or gill bar; tb. secondary or tongue bar; gs,

gill slit.

xylene, and then infiltrated with paraffin wax. Sections were

cut on an American Optical Corporation 820 Spencer mi-

crotome and stained with either Delafield's hematoxylin or

eriochrome-cyanin, and viewed and photographed with an

Olympus OM-4T 35-mm camera mounted on an Olympus
BH2 compound microscope.

For scanning electron microscopy, pieces of tissue were

dissected from a relaxed animal so that the dorsal pharynx
was exposed. The specimen was then fixed in 2.5% glutar-

aldehyde in 0.2 A/ Millonig's phosphate buffer at pH 7.4 for

1.5 h and postrixed in 1% osmium tetroxide in 0.2 M
Millonig's buffer for 1 h. The specimen was then deh\-

drated through a graded series of ethanol solutions, followed

by critical point drying. After sputter coating with colloidal

gold, the specimen was examined with a Hitachi S-3500N

scanning electron microscope.

Results

Histology iiinl microstructure

Sections were cut through the pharynx and particular

attention was given to the dorsal branchial pharynx (Figs.

I A, 2, and see tig. IB in Cameron. 2002). where the feeding

current was presumed to be maintained in Balanoglossus

gigas (Burdon-Jones. 1962). Long cilia were observed on

the lateral side of the primary and secondary gill bars (Fig.

1C inset), and at the pharyngeal edge of the brachial sac.
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Figure 2. Organization of the tiller-feeding morphology of Harrimania planktophilus. Anterior is at the left

of the figure. Particle-laden seawater (long arrows) enters the mouth on a current that is generated by cilia.

Particles (arrowheads) are trapped in dense cilia that line the gill slits; transported ventrally down the gill bars,

and can-led over the parabranchial ridge to the digestive (ventral) pharynx. Once in the digestive pharynx,

particles are transported posterior to the esophagus organ and intestine (not shown). Filtered seawater (short

arrows) exits the pharynx through the gill slits, flows into the branchial sac. and reaches the outside through a

gill pore, bs, branchial sac; c, collar; cl, collar lip; dp, digestive pharynx; ebr, epibranchial region; eo, esophagus

organ; gb, gill bar; gp. gill pore; gs, gill slit; m. mouth; p. proboscis; poco, pre-oral ciliary organ; pr,

parabranchial ridge; tb, tongue bar.

Pharyngeal cilia did not show evidence of modified tips

(Fig. 1C inset). Scanning electron micrographs revealed no

synapticles bridging the tongue bars to the primary gill bars.

and consequently the tongue bars project far into the phar-

ynx lumen (Fig. 1A). The pharyngeal region of H. plank-

tophilus is 5 times the length of the extended proboscis, and

has 36.2 9.7 (/?
= 6) pairs of large gill slits that connect

to muscular gill pores. The gill pores are located in paired

dorsolateral grooves on the outside of the body (see Cam-

eron. 2002, tig. 1 ). In some animals the gill skeleton is

pigmented dark black, rather than the more common col-

lagenous-opaque white color, allowing it to be easily visu-

alized through the body wall. The esophagus region has a

large bilobed thickening of the ventrolateral gut muscle,

here called the esophageal organ (Fig. ID). In live animals

the esophageal organ is brick red, as observed through the

body wall. This organ may be involved in squeezing excess

water from the food before the latter is transported to the

digestive gut. Just posterior to the esophageal organ, the gut

is darkly pigmented and sinuous. The gut straightens before

reaching the anal sphincter.

Observations offlow

Fluid velocity through the mouth was estimated from

video recordings of blue food coloring (Fig. 3) that was

introduced around the mouth with a handheld pipette (Fig.

3B). The average rate of flow into the mouth and through

the pharynx is 0.5-2.0 mm/s. The Reynolds number is

approximately between 0.2 and 1.0 in the pharynx (0.5
mm diameter), and therefore water flow is laminar (the

breakover point for purely laminar flow is Re = 1.0 ( Vogel.

1981)). H. planktophilus was observed to regulate its feed-

ing flow in three ways: ( 1 ) by contracting the gill pore

sphincter muscles; (2) by plugging the mouth, either by

withdrawing the proboscis or constricting the collar lip

around the neck; and (3) by ciliary arrest in the branchial

pharynx. The feeding flow through the mouth of H. plank-

tophilus was stopped by ciliary arrest when the animal

began to burrow or when it had a pharynx full of particles.

Under these conditions, the mouth and gill pores would be

wide open, yet a feeding current could not be observed. A
muscular sphincter, derived from the longitudinal trunk

musculature, curves around each pore (Horst. 1939). When

the worm bent its body to turn right, the gill pores on the

inside (right) side closed and water exited only from the left

pores, and vice versa.

Particle retention

Suspended fluorescent particles enter the mouth (Fig. 4)

and pass through the collar region and into the dorsal

(branchial) pharynx (Figs. 1A, 2, and see fig. 3D in Cam-

eron, 2002) on a current created by the pharyngeal cilia. The
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Figure 3. Photographs captured from a videotape, showing the flow of food coloring into the mouth and out

ul the gill pores of Hun-iinnnui />/<iA//>/;i//iA. Scale bar is indicated in A, time in tenths of seconds is indicated

in frames A-F. c, collar; fc, food coloring; gp, gill pore; m. mouth; p. proboscis; pip, pipette tip; t, trunk.

particles are then filtered from the water by cilia on the

primary gill bars and tongue bars (Figs. 1A, IB, 1C inset.

and 2). Excess water is pumped from the pharynx through

the gill slits, into the branchial sac, and through the gill pore

to the outside (Fig. 2). Particles that are trapped in the

branchial pharynx are transported ventrally down the gill

bars and over the parabranchial ridges (Fig. 2) to the diges-

tive pharynx. Once in the digestive pharynx, the particles
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Figure 4. Photographs captured from a videotape of suspended particles moving towards the mouth of

Harrimania planktophilus. Scale bar is indicated in A. time in tenths of seconds is indicated in frames A-D. c,

collar; cl, collar lip; m, mouth; p, proboscis; poco, pre-oral ciliary organ; t, trunk. Arrows indicate the movement

of a single particle in suspension as it is drawn towards the mouth on a feeding current.

are transported posteriorly to the esophagus organ and in-

testine. Mucus was observed in the pharynx (Fig. IB. C),

where it possibly aided in the trapping and transport of

particles. Enteropneusts that were fed particles in suspen-

sion for more than a few minutes would slow their feeding

rates and eventually stop feeding altogether because the

pharynx would become plugged with particles. In other

words, the branchial pharynx can capture particles at a rate

that exceeds the processing efficiency of the gut. The "bottle

neck" in the particle filtration system is at the esophagus

organ (Fig. ID) and in the intestine. Fluorescent particles

passed through the gut in about 5 h in a 3-cm-long worm.

The size of particles that passed freely through the gill

slits (Fig. 2) and gill pores of 6 worms measured 3.04 jum

SD 1.52 /AID (n = 61 ), the maximum particle size was 5.8

/^m, and the minimum was 0.2 /urn. Particles collected from

the feces had a mean size of 13.9 SD 8.6 /urn (n = 48)

with a minimum size of 0.2 ^.m and a maximum of 28.4

jum. Particles in the feces were compacted in the gut and

packaged in a mucous matrix, resulting in a tubular fecal

casting. Particles had to be teased from the fecal casting for

measuring and therefore the large size range may have been

overestimated if particles stuck together, or underestimated

if larger particles fragmented while the feces were being

manipulated. Therefore particle sizes measured in the feces

may not be a precise indicator of those that entered the

mouth. Despite the problems with particle size estimations.

H. pltinktophilmi appears capable of ingesting particles

ranging from 0.2 /urn to 28.4 jam, and the largest size to pass

through the gill slits, branchial sac. and gill pore was 5.8

/o,m. These data suggest that H. planktophilus is a facultative

filter feeder that exploits a wide size range of particles

available in sedimentary pore water.

In addition to being a suspension feeder, H. planktophilus

is a deposit feeder. Food in the form of sediment, detritus,

and interstitial plankton is trapped in mucus on the proboscis
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and transported posteriorly over its surface toward the

mouth. The preoral ciliary organ (POCO) (Figs. 2, 4A), a

horseshoe-shaped organ located on the posterioventral face

of the proboscis, does not have an obvious function in

suspension feeding, but effectively sorts particles that are

trapped while deposit feeding. The POCO functions to

transport food to the ventral midline and into the mouth on

mucous strings. Unwanted particles, on the other hand, are

transported by the POCO to the dorsal proboscis, where

they are rejected over the collar lip on mucous strings.

Strangely, not all deposit-fed particles, or all rejected parti-

cles, are manipulated by the POCO. It is not known how the

POCO distinguishes between food and nonfood panicles.

Discussion

Harrimania planktophilus appears to have a feeding be-

havior similar to that described in protochordates, suggest-

ing that a filter-feeding pharynx evolved before the diver-

gence of the hemichordate-echinoderni clade from the

chordates. Long cilia located on the lateral sides of the gill

bars probably mediate the pumping behavior and capture

most of the particles from suspension, but a fuller experimental

study would be necessary to demonstrate this conclusively.

Burdon-Jones (1962) described a ciliary current within

the collar and the anterior region of the pharynx of Bulano-

glosits gigas. Particles entering the pharynx of dissected

animals are initially trapped by the dorsal, branchial phar-

ynx and then transported ventrally to the digestive pharynx
en route to the gut. The observations of particle movement

in the present study were made through the body wall and

closely resemble those reported by Burdon-Jones ( 1962). In

neither case was there any indication of a mucous net

associated with the pharynx as there is in the invertebrate

chordates. Instead, heavily ciliated gill bars appeal' to se-

crete the mucus. Except for the long cilia mentioned above,

cilia in the pharynx were unspecialized. and none exceeded

about 8 jum in length. Such cilia are evidently sufficient for

pumping and filtration of food-laden water.

The observations above agree with those of Burdon-Jones

( 1962), who found particles of 1-2 /j,m retained by the gill

slits of B. gigas. H. planktophilus retained particles as small

as 0.2 jam and as large as 28.4 p.m in the pharynx, suggest-

ing that the filtering adaptation makes use of microbial as

well as interstitial plankton production. H. planktophilus,

like appendicularians and amphioxus (Ruppert ct ul.. 2000),

can feed on a wide size range of particles, exceeding that of

the ascidians Ascidiella t/.v/w.u/, Molgula manhattensis,

Clavelina lepadiformis, and Cionu intestinalis (Randlov and

Riisgard. 1979).

Recent experiments reveal that key developmental genes

are expressed in the epithelia of differentiating gills of the

ascidians and of the enteropneust Ptychodera fhivti (Oga-
sawara et ul.. 1999), suggesting that the gill slits of entero-

pneusts are homologous to those of chordates. A test of this

idea might be to look for the expression of members of this

gene family in the pharyngeal pores of macrodasyid gastro-

trichs (Ruppert and Barnes, 1994) to see if the gene is

responsible for pores or openings in the pharynx in general,

rather than having an expression that is specific to deuter-

ostoine gill pores. The evidence that the gill slits of entero-

pneusts and chordates are homologous is based on their

shared location, developmental origin, and, at least in H.

planktophilus. their shared function. How then do the gill

skeletal arches and the endostyle fit into this picture?

The enteropneust and cephalochordate pharynx share se-

rially paired gill slits in the pharynx that are framed on

either side by collagenous gill arches, and parted down the

middle by a secondary gill (or tongue) bar. In ptychoderid

enteropneusts (but not in Harrimania). synapticles, or col-

lagenous bridges, join the primary bars with the secondary

bars. The cephalochordate pharynx differs from that of the

Enteropneusta in that it possesses an endostyle on the ven-

tral midline. Horst (1939) considered the ventral digestive

gut of enteropneusts to be homologous to the chordate

endostyle, but recent evidence indicates an endostyle-like

organ in the dorsal pharynx of the enteropneust Schizocar-

tliiun brasiliense (Ruppert ft ul.. 1999). Further support for

the dorsoventral inversion hypothesis may be found in the

direction of particle movement in the pharynx of H. plank-

tophilus. The food is gathered on the gill bars and trans-

ported from dorsal to ventral (in chordates, particles move

from ventral to dorsal), and then transported posteriorly to

the gut in a mucous food cord. The direction of food

transport in H. planktophilus suggests that the enteropneusts

are inverted dorsoventrally with respect to the chordates,

and this notion is supported by molecular evidence (Arendt

and Niibler-Jung, 1994). If true, such an inversion means

that the gill bars could not be considered homologous with

those of amphioxus, because they would also be inverted

dorsoventrally and therefore contradict the conformational

consistency required to assign homology. The coelomic

diverticula in the gill bars and tongue bars is different in the

two groups, suggesting that the gills of the common ances-

tor may have lacked primary and secondary gill bars. This

idea is consistent with the absence of gill skeletal structures

in adult pterobranchs, the adult enteropneust Protoglossns,

urochordates, and developmental stages of all other chor-

dates. Clearly, more comparative research is needed before

we can be confident about gill-arch homologies among the

deuterostomes.

The enteropneust pharynx should not be considered less

specialized than that of the chordate pharynx on the basis

that it lacks an endostyle organ that produces a mucous net.

The pharynx of H. planktophilus is effective at capturing a

wide range of particle sizes, and although it does not have

a mucous net, mucus is produced abundantly by the surface

of the enteropneust body and surely plays a role in capture
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and transport of ingested material. The enteropneust phar-

ynx may represent an intermediate stage in the evolution of

the chordate pharynx; that is, first came the filter-feeding

gill slits, and later came the capacity to make a mucous net.

It is not clear whether the mucous net was present in the

ancestral deuterostome animal and lost in the lineage to the

enteropneust worms, or absent in the common ancestor and

gained in the lineage to the chordates. The lack of the

chordate-like endostyle and mucous net in H. planktophilus

may be due to the undue stress that the net would receive

from sediment acquired while deposit feeding. In any case,

H. planktophilus is an effective filter feeder, even in appar-

ent absence of a mucous net and endostyle.

H. planktophilus is perhaps unique among the filter-

feeding protochordates because it lives entirely beneath the

sediment. In aquaria, the burrows of this worm do not

approach the sediment surface. Initially, these filter-feeding

experiments were tried with worms in aim. but the difficulty

in viewing particles entering the mouth made it impossible

to establish whether particles found in the gut of exhumed

worms were ingested via deposit feeding or suspension

feeding. Most investigations that quantify filter feeding

have been concerned with epifaunal organisms (including

sessile, tube-dwelling, and free-living organisms) or infau-

nal forms that have part of their body or tube in direct

contact with the epibenthos (examples include the bivalve

A/ra iiremirici and the polychaete Chaetopterus) (Wildish

and Kristmanson. 1997). H. planktophilus apparently ex-

ploits nutrients from interstitial pore water, a world occu-

pied by protozoans, diatoms, foraminifera. flatworms, gas-

trotrichs, nematodes. copepods. molluscs, tardigrades. and

bacteria that thrives at the boundary of the reduced oxygen

layer (Levinton. 1995). H. planktophilus is a very active

enteropneust and responds negatively to low light levels.

When it is removed from its burrow, its gut is full of

sediment. Sediment obtained from deposits probably ac-

counts for the bulk of the gut's content, but food filtered

from pore water may be most important nutritionally (Har-

rington, 1940). Many deposit feeders display adaptations

that improve their efficiency in sediment processing and

food absorption (Lopez and Levinton. 1987). and the filtra-

tion of nutrient-rich pore water, such as observed in H.

planktophilus. may be more common than formerly real-

ized.

Harrimania planktophilus is a facultative filter feeder,

and a detailed comparison between a wide range of heini-

chordates will undoubtedly reveal further evolutionary in-

novations of the branchial pharynx. Several species seem to

be especially good candidates for filter feeders, including

the swimming enteropneust Glandiceps luwksii (Spengel,

1909); the deep-sea rock-pendulum worm S(i.\ipcmlimn

coronatum. which lives atop rocky outcrops and extends its

proboscis into the water column (Woodwick and Sensen-

bauh, 1985); Harrimania maculosa, which lives on the

underside of rocks in Alaska (Ritter. 1900): and species of

Schizocardium because of their well-developed branchial

pharynx (Ruppert ct <//., 1999). Much remains to be learned

about the form, function, and origin of the filtering pharynx
of deuterostomes.

Clearly the evolution of slits in the pharynx is one of the

most important events in the evolution of the deutero-

stomes. Protochordates and H. planktophilus have a filter-

feeding pharynx. Given the occurrence of homologous pha-

ryngeal slits (but possibly not gill arches) in enteropneusts

and chordates. and given the sister group relationship be-

tween hemichordates and echinoderms (Cameron et ul..

2000). it is not surprising that echinoderm paleontologists

have found fossil carpoid echinoderms with pharyngeal slits

(Jeffries. 1986). The most parsimonious conclusion is that

the carpoid pharynx was also a filter-feeding pharynx. This

study suggests that the filter-feeding pharynx may not be a

synapomorphy of the chordates, but a defining feature of the

deuterostomes.
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Early in the development of multicellular animals,

information that determines the specific fate of cells

and their progeny is distributed unequally at each

cell division. As cleavage and the specification of

embryonic territories proceeds, the location of each

blastomere with respect to its neighbors must be

fixed, ensuring normal development of the embryo.
In mammals, the positions of the blastomeres are

fixed by desmosomes. But specification begins

early in many invertebrates, and long before des-

mosomes are formed; thus, other mechanisms are

needed to fix the relative position of the blastomeres

in these species.

In this issue of The Biological Bulletin, Shin-ichi

Nemoto and his colleagues report on a novel mech-

anism that fixes the relative positions of blas-

tomeres in developing embryos of the starfish A.v-

tropecten scopurius (see Matsunaga et al., p. 213).

After fertilization and elevation of the fertilization

envelope the centrally positioned egg cleaves; and

the daughter cells move peripherally, away from

each other and toward the envelope, to which they

adhere. Moreover, during subsequent cleavages,

through the blastula stage, the blastomeres moth-

ers and daughters remain firmly anchored in place

on the fertilization envelope, as on a scaffold. This

critical binding to the envelope is due to specialized

microvilli that already exist on the surface of the

unfertilized egg. After the fertilization envelope is

raised, each microvillus extends and becomes a thin

filamentous process that adheres to the inner layer

of the envelope. The authors call this structure a

"fixing process."

The stabilizing mechanism observed in Aslropecten

scoparius seems, at first, to be different from that in

sea urchins, where the blastomeres are held in po-

sition by a hyaline layer lacking in starfish. How-

ever, Nemoto and colleagues provide evidence from

immuno-electron microscopy that the material con-

stituting the echinoid hyaline layer may be a ho-

molog of the inner layer of the asteroid fertilization

envelope a satisfying, and unifying, conclusion.

Three important components of this story are illus-

trated on the cover: the starfish (about 15 cm from

tip to tip, on average); the 2-cell stage (about 250

jam in diameter); and of course the fixing processes,

which extend (for about 32 JLLHI) from the surface of

the fertilized egg to the inside of the fertilization

envelope.

The cover images were provided by Shin-ichi

Nemoto and Miwa Tamura, Ochanomizu University,

Tokyo. Japan. Cover design by Beth Liles, MBL.
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Reference: Bio/. Bull. 202: 201-203. (June 20021

Eicosapentaenoic Acid Regulates Scallop (Placopecten

magellanicus) Membrane Fluidity in Response to Cold

JONATHON M. HALL 1

, CHRISTOPHER C. PARR1SH 2
, AND RAYMOND J. THOMPSON

Ocean Sciences Centre, Memorial University of Newfoundland, St. John 's,

Newfoundland, Canada A1C 5S7

The lipid core of a biological membrane requires a

certain degree of structural rigidity, but ii must also be

sufficiently fluid to permit lateral movement of the constit-

uent lipids and embedded proteins. Ectotherms can coun-

teract the ordering effects ofreduced temperature hy chang-

ing the structure of their membranes, a process kn</\vn as

homeoviscous adaptation (I). Although the content of un-

saturated fatty acids in the membranes of ectothermic ani-

mals is generally known to increase in response to cold (2),

no clear and direct relationship betireen unsaturated fatty

acids and membrane fluidity has been established in marine

organisms. For example, phospholipid molecular species

containing docosahexaenoic acid {22:6u>3) are believed to

be important in controlling finfish membrane fluidity (3-6),

but a direct correlation between 22:6w3 and membrane

fluidity has not been found (4, 5, 7, 8). In contrast, we show

here a simple but very strong relationship bet\veen fluidity

and a single polyunsaturated fatty acid, eicosapentaenoic

acid (20:5u>3), in gill membranes from a marine bivalve

mollusc, the sea scallop Placopecten magellanicus.

Phospholipids are the main structural elements of biolog-

ical membranes, and their physical characteristics are key

determinants of membrane structure and function. Many
vital cell activities that depend on the optimal functioning of

membranes are therefore sensitive to the chemistry of the

membrane lipids (9) and to environmental conditions, such

as temperature and pressure, that perturb the phase behavior

and dynamics of lipids in membranes (10). Under extreme

or variable conditions, organisms can exploit the tremen-

Received 30 November 2001; accepted 22 March 2002.
'

Present address: Department of Physiology and Experimental Medi-

cine, The George Washington University Medical Center, Ross Hall Room

402, 2300 Eye Street, NW, Washington, DC 20037.
2 To whom correspondence should be addressed. E-mail: cparrish@

mun.ca

dous chemical diversity among membrane lipids to defend

the physical properties of the membrane ( 10). Thus in

ectotherms, where changes in temperature cause important

membrane perturbations, the usual adaptive response in-

cludes a modification of lipid composition (II).

Sessile animals living in Newfoundland waters must

maintain membrane structure and function in the face of

extreme cold in deep waters (as low as 1.4C) or season-

ally highly variable conditions in surface waters (as much as

22C in 6 months) (12). In the present study, we exposed

sea scallops to a 10C decrease in temperature for up to 3

weeks and then examined the relationship between the fatty

acid composition of branchial phospholipids and membrane

fluidity.

Vesicles were prepared from the gills of scallops accli-

mated to temperatures of 15 and 5C. After three weeks of

thermal acclimation, the structural order of the phospholip-

ids was measured by electron spin resonance (ESR) spec-

troscopy at five temperatures (0-20C) that span the phys-

iological range of Placopecten magellanicus (Fig. 1). The

vesicles prepared from gills of 5C-acclimated scallops

were significantly (ANCOVA, P = 0.03) less ordered than

vesicles from 15C-acclimated scallops. Temperature accli-

mation had shifted the order parameter curve 1-2C toward

lower assay temperatures, giving a homeoviscous efficacy

(13) of 14%. Such a partial adjustment towards an ideal or

complete homeoviscous response has also been found in

crabs ( 14) and crayfish (15). In these invertebrates, the costs

of perfect compensation may be too high, or the benefits too

low. On the other hand, the ESR measurements in this study

were made with the spin probe 5-doxyl stearic acid, reflect-

ing the homeoviscous response in the outer region of the

purified lipid bilayer. It is possible that the response deeper

in the bilayer, in the actual region of alkenyl chain unsat-

uration, would have been greater (16).
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Figure 1. Temperature dependence of the structural order of phospho-

lipids in vesicles prepared from scallop gills. The order parameter (S) was

measured by electron spin resonance (ESR) using 5-doxyl stearic acid

incorporated into the hydrated phospholipid vesicles. Gills were obtained

from scallops acclimated in the laboratory for three weeks to 5C (n = 3)

and 15C (n = 4). Each data point represents a single animal. The solid

regression line represents 15C acclimation, the broken line 5C acclima-

tion. Methods: Twenty-eight sea scallops of 8-12 cm shell height were

collected in Placentia Bay. Newfoundland, and held at 14-15C for 4

weeks. They were fed four times weekly a diet of two microalgae. ho-

chrysis galbana (T-Iso) and Nanochloropsis sp. In /. galbana. the major

long-chain polyunsaturated fatty acid was 22:6u>3, accounting for 8.6%

0.4% of total fatty acids, while in Nanochloropsis the major fatty acid was

20:5u)3, accounting for 34% 1 %. (Shorthand notation for fatty acids

gives the ratio of carbon atoms to double bonds and the position of the first

double bond relative to the terminal methyl group.) Four scallops were

randomly selected, and their gills were sampled at 15C; the remaining

animals were then transferred directly to temperature-controlled aquaria

(80 1) and maintained at 5 0.5C for up to 21 days. Four randomly
selected scallops were sampled periodically from day 1 to day 2 1 of the

experiment. The gills were excised, the phospholipids were extracted and

purified according to Bligh and Dyer (28). and the tatty acid composition

was determined by gas chromatography (22). Phospholipids were separated

from the neutral lipids by silica column chromatography. the neutral

fraction being eluted with chloroform: methanol: formic acid (9.9:0.1:0.1

by vol.) and the polar fraction with methanol (22). The spin label 5-doxyl

stearic acid (29) was incorporated into the phospholipids at <1 mol%. and

vesicles were prepared by sonication in Tris-HCl (6, 30). Labeled vesicles

were drawn into a capillary tube, which was sealed, then centrifuged. and

finally inserted into a quartz tube for ESR spectroscopy in a Bruker

ESP-300 spectrometer. Spectra were obtained from to 20C at 5C
intervals, and the samples were maintained in the instrument at each

temperature for 15 min before measurement. The outer and inner hypertine

splitting values were used to calculate the order parameter ( 16), which was

interpreted to be inversely proportional to membrane fluidity. Values of the

order parameter obtained for different acclimation groups were compared

statistically by analysis of covariance (ANCOVA).

Membrane order in gills of thermally acclimated scallops

was strongly and negatively correlated (/
= 0.714, P <

0.001 ) with the proportion of 20:5w3 in gill phospholipids

(Fig. 2). This finding is consistent with a role for 20:5w3 in

regulating gill phospholipid structure, demonstrating one

important function of this essential metabolite (17, 18),

which is also believed to be an essential nutrient in scallops,

because they are unable to synthesize it from precursors

(19-21). The relationship between 20:5w3 and low accli-

mation temperature explains, at least in part, the high pro-

portions of this polyunsaturated fatty acid found in bivalves

living permanently at sub-zero temperatures in Newfound-

land waters (22).

In contrast to 20:5o>3, the proportion of 22:6o>3 was not

significantly correlated with membrane gill phospholipid

order. This suggests that 22:6w3 in scallop gills may have a

function other than regulating membrane fluidity, whereas

finrish seem to rely mainly on changes in 22:6w3 levels to

regulate bilayer order (3, 6, 17, 23). Although the melting

point of 20:5w3 is 10C lower (24) than that of 22:6w3, the

biological importance of 20:5w3 is usually associated with

its role as a precursor of biologically active metabolites,

including prostaglandins (25. 26). The possible dual func-

tion of this fatty acid in scallop gill membranes would

explain the paradoxical increase in membrane order during

the first 6 days of exposure to cold (Fig. 2), since 20:5o>3 in

scallops may also serve as a substrate for prostaglandin

biosynthesis as a stress response to the acute drop in tem-

perature. Gill tissues isolated from marine bivalves are

known to synthesize prostaglandins in response to hypos-

0.71 r
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= - 0.714, P< 0.001)

06 80 10 II 12 13 14 15

20:5o:>3 (mol% phospholipid tatty acids)

Figure 2. Relative changes in membrane fluidity as a function of the

proportion of eicosapentaenoic acid (20:5w3) in gill phospholipids of

scallops during acclimation from 15 to 5C. Data are mean SEM for 3-4

individuals. Membrane fluidity is expressed as an order parameter (Si using

5-doxyl stearic acid incorporated into hydrated phospholipid vesicles pre-

pared from excised gills. Order parameter measurements were made in

duplicate at an assay temperature of 20C. and 50% of the variance in the

measurements was accounted for by 20:5u>3. The numbers associated with

the data points represent the time, in days, after the temperature change

from 15 to 5C.
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motic stress (27), but little is known about the modes of

action of these compounds in marine invertebrates (26).
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Abstract. Molting and limb regeneration are tightly cou-

pled processes, both of which are regulated by ecdysteroid

hormone synthesized and secreted by the Y-organs. Regen-

eration of lost appendages can affect the timing and duration

of the proecdysial. or premolt. stage of the molt cycle.

Autotomy of all eight walking legs induces precocious

molts in various decapod crustacean species. In the land

crab Gecarcinus lateralis, autotomy of a partially regener-

ated limb bud before a critical period during proecdysis

(regeneration index <17) delays molting so that a second-

ary limb bud (2 LB) forms and the animal molts with a

complete set of walking legs. It is hypothesized that 2 LBs

secrete a factor, termed limb autotomy factor-proecdysis

(LAF
pri)

). that inhibits molting by suppressing the Y-organs

from secreting ecdysone. Molting was induced by autotomy

of eight walking legs; autotomy of primary (1) LBs re-

duced the level of ecdysteroid hormone in the hemolymph

73% by one week after limb bud autotomy (LBA). Injection

of extracts from 2 LBs. but not 1 LBs, inhibited 1 LB

growth in proecdysial animals, thus having the same effect

on molting as LBA. The inhibitory activity in 2 LB extracts

was stable after boiling in water for 15 min. but was

destroyed by boiling 15 min in 0.1 N acetic acid or incu-
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Ahhwiiitinns: CHH. crustacean hyperglycemic hormone; 20E. 20-hy-

droxyecdysone; LAFjn , limb autotomy factor-anecdysis; LAF
pl ,,.

limb

autotomy factor-proecdysis: l.B, limh hud; LBA. limb bud autotomy:

LGIF, limb growth inhibitory factor; M1H. molt-inhibiting hormone;

MLA. multiple limb autotoim.

bation with proteinase K. These results support the hypoth-

esis that LAP is a peptide that resembles a molt-inhibiting

hormone.

Introduction

In response to injury, decapod crustaceans autotomize

walking legs and claws, which are regenerated before the

next molt (reviewed in Skinner, 1985: Hopkins, 1993,

2001 ). Limb regeneration is composed of two phases. The

basal growth phase, which can occur at any time during the

molt cycle, involves primarily cell proliferation and differ-

entiation, and it results in the formation of basal papillae.

The proecdysial growth phase, which is restricted to the

proecdysial or premolt period (mostly stage D ), involves

tissue growth and is under hormonal control (Holland and

Skinner, 1976; Hopkins, 1993, 2001). In the tiddler crab,

exposure to the molting hormone 20-hydroxyecdysone

(20E) is essential for the proecdysial growth phase (Hop-

kins, 1989). In addition, a limb growth inhibitory factor

(LGIF) has been shown to inhibit rapid proecdysial growth

of limb bud in the land crab (Hopkins et ai. 1979). Limb

regeneration is measured by the regeneration index [R in-

dex ==
length of limb regenerate X 100/carapace width

(Bliss et ai. 1966)]; in land crabs, the R index increases

from to a maximum of 22-24 about one week before

ecdysis (Skinner and Graham. 1970. 1972; Holland and

Skinner, 1976).

Molting in decapod crustaceans is controlled by the X-

organ/sinus gland complex, which is located within the

eyestalks and secretes a neuropeptide, molt-inhibiting hor-

mone (MIH), that inhibits ecdysone production by a pair of

204
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Y-organs located in the cephalothorax (reviewed in Skinner,

1985; Hopkins, 1992; Chang el at., 1993; Laufer et al,

1993). Neuropeptides possessing MIH activity have been

isolated from a number of crustacean species (reviewed in

Chang et al.. 1993; Chang. 2001 ; De Kleijn and Van Herp,

1995; Lacombe et al., 1999). MIH acts by inhibiting ste-

roidogenesis through a high-affinity receptor in the Y-organ
cell membrane (Webster, 1993) coupled to a second-mes-

senger cascade involving cAMP and cGMP (Sedlmeier and

Fenrich, 1993; Saidi et al.. 1994; Spaziani et al.. 1999).

Molting, therefore, is induced by a reduction in MIH in the

hemolymph: the Y-organs, which are no longer repressed,

synthesize and secrete ecdysone. Ecdysone is then hydroxy-

lated to the active molting hormone, 20E, by 20-monooxy-

genase activity in peripheral tissues, such as digestive gland,

testis. epidermis, and muscle (Soumoff and Skinner, 1988).

Precocious molts can be induced by eyestalk ablation,

which reduces circulating MIH and results in an immediate

rise in hemolymph ecdysteroids (reviewed in Skinner,

1985). Precocious molts are also induced by autotomy from

five to eight walking legs; adults of the land crab Gecar-

cimts latenilis molt 6-8 weeks after multiple limb autot-

omy (MLA) (Skinner and Graham, 1970. 1972; Holland and

Skinner, 1976; reviewed in Skinner, 1985 and Mykles,
2001 ). Autotomy of one or more of the primary (1) limb

regenerates (limb bud autotomy, or LBA) before a critical

period interrupts proecdysis until secondary (2) limb buds

differentiate and grow to the approximate size of those lost

(Holland and Skinner, 1976). On the basis of these obser-

vations. Skinner (Skinner, 1985: Skinner et al.. 1992) pro-

posed that limb buds (LBs) produce two factors that control

proecdysial events. Limb autotomy factor-anecdysis, or

LAFan , produced by 1 LBs when at least five legs are

autotomized, stimulates anecdysial animals to enter proec-

dysis. Limb autotomy factor-proecdysis, or LAF
pro

, pro-

duced by 2 LBs in proecdysial animals when at least one 1

LB is autotomized, inhibits proecdysial processes.

The existence of LAF
prn challenges the central paradigm

in crustacean endocrinology that all proecdysial processes

are coordinated by the eyestalk neurosecretory centers. Pro-

ecdysis is also suspended by LBA in eyestalk-ligated ani-

mals (Holland and Skinner. 1976). indicating that the action

of LAF
pro

is not mediated by MIH or other factors secreted

by the X-organ/sinus gland. The mode of action of LAF
pri ,

is unknown. As a MIH-like factor it may act on Y-organs by

inhibiting the secretion of ecdysone. It may also act on

peripheral organs (e.g.. epidermis, 1 LB, claw muscle) by

inhibiting the action of 20E or by inhibiting the conversion

of ecdysone to 20E by monooxygenase.
Here we report the initial characterization of a factor from

2 LBs, the putative LAF
pro

, that suspends molting in G.

Iciteralis. The effects of LBA on 1 LB growth and hemo-

lymph hormone levels were determined. The stability of the

molt inhibitory activity in 2 LB extracts to boiling, acetic

acid, and proteinase K was also determined. Our results

suggest that LAF
pro

is a MIH-like peptide.

Materials and Methods

Animals

Adults of the land crab Gecarcinus lateralis were col-

lected in Bermuda or Puerto Rico and maintained as de-

scribed (Koenders el t/l., 2002). All eight walking legs were

autotomized (multiple limb autotomy. or MLA) to induce

limb regeneration and molting (Skinner and Graham, 1970,

1972). The molt stage was monitored by measuring the

growth of the limb bud at the location of the second walking

leg on the right side (R2). The regeneration (R) index, which

is the ratio of the LB length to carapace width expressed as

a percentage, varies from zero after autotomy to 22-24 by

late proecdysis (stage D,; Holland and Skinner. 1976).

Limb regenerates that formed after MLA are referred to as

1 LBs. whereas those formed after autotomy of one or

more 1 LBs (limb bud autotomy. or LBA) are designated

as 2 LBs.

Preparation of limh hud extracts

Seven 1 LBs were autotomized from each animal at R
index 13-15; the R2 regenerate was left for determining the

effect of LBA on 1 LB growth. Secondary LBs were

autotomized at R index 8-10 while growth of the R2 1 LB
was still inhibited. Limb buds were frozen immediately in

liquid nitrogen and stored at 80C.
Six or seven LBs from each animal were homogenized in

2 ml of ice-cold deionized water with a Polytron homoge-
nizer (Brinkmann Instruments. Westbury, NY) at medium

speed until the tissue was completely homogenized (about

30 s). The R indices of the 1 LBs were between 13 and 15

(average wet weight: 38.85 mg/LB) and of the 2 LBs were

between 8 and 10 (average wet weight: 7.43 mg/LB). The

homogenates were centrifuged at 5000 X g at 4 C for 15

min. The supernatant fraction was divided between three

1.5-ml Eppendorf tubes, lyophilized with a Speed-Vac cen-

trifuge, and stored at -20 C.

To assess the temperature stability of LAF
pro

, lyophilized

pellets containing three 2 LB equivalents were dissolved in

200 /^l deionized water or 0.1 N acetic acid (pH 2.9),

incubated in a boiling water bath for 15 min. and centri-

fuged at 5000 X g for 15 min. Supernatant fractions were

lyophilized and stored at 20 C; they were dissolved in

120 jil deionized water just before use. To assess the

stability of LAFpm to proteolytic digestion, supernatant

fractions from extracts boiled in deionized water were in-

cubated with proteinase K (Boehringer Mannheim; 0.5 jag/

jul) at 50 C for 1.5 h, lyophilized. and stored at -20 C;

they were dissolved in 120 /xl deionized water just before

use. The rationale for heating the extract before proteinas
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K treatment was to remove contaminating proteins (LAFpro

was resistant to high temperatures) and therefore increase

the effectiveness of the enzyme by reducing the amount of

potential substrates. Secondary LB extracts from the same

animal without the treatments served as positive controls.

Bioassay for inhibitory activitv

The bioassay used proecdysial animals with eight 1 LBs
(/? index 13-16) that were growing at a constant rate (about

one R index unit per day). Each animal received a series of

three 40- /nl injections of LB extract at 2-day intervals

through the arthrodial membrane at the base of a walking

leg. Initial experiments examined the effects of extracts

from 1 or 2 LBs. Lyophilized pellets containing 6-7 LB

equivalents were dissolved in 120
/u,l deionized water and

used for an injection series. For the heat-, acetic acid-, and

proteinase K-treated 2 LB extracts, three LB equivalents in

120
ju,l

deionized water were used for an injection series, as

it was found that one LB equivalent per injection was as

effective in inhibiting 1 LB growth as two LB equivalents.

The growth of the R2 1 LB was monitored before, during,

and after the injection series at 2-day intervals.

Measurement of ecdysteroid h\ radioimmunoassay

Samples (100 /xl) of hemolymph were combined with

300 jul methanol and stored at -20 C for later analysis.

Suspensions were centrifuged at 10,000 X g for 3-5 min to

remove precipitated protein. Supernatant fractions were

measured for ecdysteroid by radioimmunoassay as de-

scribed by Chang and O'Connor (1979). Briefly, duplicate

100-ju.l samples were lyophilized and dissolved in 100 /xl
3

H-ecdysone (8000 cpm/100 jml 0.1 M sodium borate, pH
8.4). Ecdysone antiserum (Horn etal., 1976) ( 100 ju.1 1:1000

dilution in 6% normal rabbit serum, 0.002% methiolate, and

0.1 M sodium borate, pH 8.4) was added to each tube and

incubated at room temperature for 2-4 h. After incubation,

antibody was precipitated with 200 /xl saturated (100%)
ammonium sulfate in 0.1 M sodium borate (pH 8.4) and

centrifuged at 4800 X g at 4 C for 15 min. The pellets were

washed with 400
/j,l 50% saturated ammonium sulfate,

centrifuged at 4800 X g at 4 C for 15 min, dissolved in 25

ju.1 deionized water, and mixed with 600
ju,l CytoScint scin-

tillation cocktail (ICN Biomedicals, Inc.). Radioactivity was

quantified with a Beckman LS7000 liquid scintillation

counter.

Statistical cinulvsis

Data are presented as mean 1 standard deviation (SD).

The Student's t test was used to determine the significance

of the means between control and experimental treatments,

except for the data presented in Figure 6, in which the

Wilcoxon matched-pairs signed-ranks test was used.

fl) 15

TJ

Days After Multiple Leg Autotomy

Figure 1. Primary limb bud growth and molting in Gecarcinus late-

ralis without interruption by limb bud autotomy. Animals were induced to

autotomize eight walking legs on Day (multiple leg autotomy, or MLA).
The length of the 1 LB at the second position on the right side (R2) was

measured every 2 days until molting: R indices were calculated as de-

scribed in Materials and Methods. Three adult males (#508. #578, and

#641) were selected to represent the range of responses to MLA. In most

cases it took 30-45 days for animals to reach an R index of 15 after MLA
(#508. #578). In some cases, this period could be as long as 60 days (#641 ).

Ecdysis (arrows) occurred at 45 days (#578), 55 days (#508), and 70 days

(#641) post-MLA.

Results

Effects of leg or limb bud autotomy on molting

Multiple leg autotomy induced precocious molting. The

1 LB at the second position on the right side (R2) was

measured every other day after formation of basal papillae

(R index 4-8). It usually took 30 to 45 days for animals to

reach an R index of 15; the R index reached a maximum of

22-24 about 1 week before ecdysis. There was considerable

individual variation in LB growth. Figure I shows the

measurements from three individuals to represent the range
of responses observed. Some animals responded quickly,

with rapid LB growth rates and subsequent ecdysis 5 to 6

weeks after MLA (Fig. 1, animal #578). Other animals

responded more slowly and molted about 10 weeks after

MLA (Fig. 1, animal #641 ). Other animals had intermediate

responses (Fig. 1, animal #508).

As shown previously (Holland and Skinner, 1976), LBA
before a critical period (R index < 17) suspended LB growth
and delayed molting. The measurements from one individual

are shown in Figure 2 and are typical of the response of

proecdysial crabs to LBA. The R2 1 LB stopped growing
when the other seven 1 LBs were autotomized. The 2 LB
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Figure 2. Limb bud autotomy suspends molting. All eight walking

legs were autotomized from an adult male at Day 0. and the growth of the

R2 1 LB was measured (). On Day 50 (/? index 15), all hut the R2 1 LB
were autotomized, and the growth of the L2 2 LB was measured (A). LBA

suspended proecdysis until the 2 LBs differentiated and grew to about the

same size as the R2 1 LB that remained. The animal molted 41 days

post-MLA (arrow), delaying ecdysis about 4 weeks.
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Figure 3. Autotomy of secondary limb buds prolongs proecdysis.

Eight walking legs were autotomized from an adult male at Day 0. and the

growth of the R2 1 LB was measured <). On Day 27 (K index 12.5).

seven 1 LBs were autotomized. and the growth of the L2 2 LB was

measured I A). On Day 70 all seven of the 2 LBs were autotomized. and

the growth of the L2 3 LB was measured (*). Growth of the R2 1 LB was

suspended until the 3 LBs grew to a size similar to that of the 1

:

LB. The

crab died 145 days post-MLA, before molting.

at the second position on the left side (L2) was used to

monitor 2 LB growth. Primary LB growth remained inhib-

ited until the L2 2 LB reached a size similar to that of the

autotomized 1" LB: subsequently, both 1 and 2 LBs grew

continuously (Fig. 2). A consequence of LBA was that

molting was delayed several weeks; for the data from the

animal shown in Figure 2. molting was delayed about 30

days.

Autotomy of 2 LBs prolonged molting even further. In

the experiment shown in Figure 3, seven 1 LBs were

autotomized at R index 12.5 twenty-five days after MLA.
On Day 70. all seven 2 LBs were autotomized; tertiary (3)

LBs differentiated and grew. Growth of the 1 LB remained

inhibited until the L2 3 LB attained the size of the 1 LB.

It took longer for the 3 LB to grow to a size similar to that

of the 2 LB that was autotomized at the same location.

Effects of limh hiul autotomy on hemolvmpli ecdvsteroid

LBA reduced ecdysteroid levels in the hemolymph of

animals induced to molt by MLA. In a control group in

which molting was not interrupted by LBA. ecdysteroid

levels increased continuously during proecdysis (Fig. 4,

filled circles). In another group of animals. LBs were auto-

tomized at R index 13-16, and hemolymph was sampled
either during inhibition or after resumption of 1

' LB growth

(Fig. 4, filled and open triangles, respectively). The average

ecdysteroid concentration in inhibited animals (130.3

16.2 ng/ml; n = 24) was 45% that of the control animals

(287.7 28.3 ng/ml; n = 30) within the same range of/?

indices (between 14 and 18 in Fia. 4). However, due to the

large amount of variation between individuals, the means

were not significantly different. The ecdysteroid levels of

animals after resumption of 1 LB growth fell within those

of the control group.

Since ecdysteroid liters varied between individuals, sam-
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Figure 4. Effect of limb hud autotomy on hemolymph ecdysteroid

concentrations during proecdysis. Molting was induced by autotomy of all

eight walking legs, and l LB growth was monitored (/? index). Samples
were taken from three groups of animals: a control group in which

proecdysis was not interrupted by LBA (); a group subjected to LBA at

R index 13-16 with 2 LBs (K index 8-10) inhibiting 1 LB growth A

and a group subjected to LBA at K index 13-16 with 2 LBs (K index >16)

no longer inhibiting 1

: LB growth (A). In most cases, hemolymph ecdy-

steroid was lower in animals in which 2" LBs inhibited 1 LB growth.



208 X. YU ET AL.

00

S H
n
c

800 O)

_

600 -a

'5

a>
400 -

ta

200 O

Days After LBA

Figure 5. Effect of limb bud aulotomy on hemolyniph ecdysteroid

concentrations in two individual crabs during proecdysis. Eight walking

legs were autotomized, and the growth of the R2 I LB was measured and

expressed as R index (). On Day 0. all but the R2 1 LB were autoto-

mized. and hemolymph samples were taken at various intervals post-LBA.

The ecdysteroid concentration (X) dropped within one week after LBA and

remained low until the L2 2 LB approached the size of the contralateral 1

LB. There was no consistent relationship between resumption of 1 LB

growth and ecdysteroid levels. For animal #X05 (lower panel), the 1 LB
resumed growth at Day 29 post-LBA, even though ecdysteroid level did

not increase until Day 36. For animal #771 (upper panel), hemolymph

ecdysteroid began to increase at Day 14. but 1 LB growth did not resume

until Day 19. Arrows indicate when ecdvsis occurred

pies were taken from the same individuals on the day of

LBA and the days following LBA. In Figure 5, hemolymph

ecdysteroid concentrations and 1 LB growth (R index)

from two animals (#805 and #771) are presented. LBA
resulted in an immediate cessation of 1 LB growth, and

ecdysteroid levels decreased about 52% by one week post-

LBA. Levels remained low until 1 LB growth resumed,

and the animals eventually molted. However, resumption of

1 LB growth did not always follow an increase in ecdy-

steroid concentration. For animal #805 (Fig. 5, upper panel),

the \'
J LB resumed growth by Day 29 post-LBA, even

though ecdysteroid level did not increase until Day 36. For

animal #771, however, hemolymph ecdysteroid began to

increase by Day 14, but 1 LB growth did not resume until

Day 19 (Fig. 5, lower panel). Ecdysteroid reached a maxi-

mum concentration of more than 1000 ng/ml just before

ecdysis. Data from a group of animals in which hemolymph

samples were taken on the day of LBA and one week after

LBA are summarized in Figure 6. The level was reduced

73% at one week post-LBA; the means are significantly

different (P < 0.043, using the Wilcoxon matched-pairs

signed-ranks test).

Effects ofprimary and secondary limh bud extracts

on molting

Proecdysial animals (R index 13-15) with continuously

growing 1 LBs were selected for determining the effects of

LB extracts on molting. An injection series consisted of

injections of either 1 or 2 LB extracts (two LB equiva-

lents/injection) at 2-day intervals, for a total of three injec-

tions per animal. Twelve proecdysial crabs were injected

with 2 LB extracts; the data from three animals are shown

in Figure 7 (open symbols) to represent the range of re-

sponses observed. Secondary LB extracts inhibited the

growth of 1 LB during the injection series. This effect was

usually sustained 2-4 days after the last injection before 1

LB growth resumed (Fig. 7, animals #124 and #386). In

contrast, injection of 1 LB extracts had no effect on 1 LB

growth. The data from one animal (Fig. 7; #331) is repre-

sentative of the results from ten proecdysial animals that

were injected with 1 LB extracts.

To quantify the effects of LB extracts, the 1 LB growth
rates were determined for the I -week intervals before and

after the first injection of the series (Fig. 8). Secondary LB
extracts significantly inhibited 1 LB growth by 68%, from

1.08 R index/day before injection to 0.35 R index/day dur-

E
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Figure 7. Effects of injection of limb bud extracts on I limb bud

growth. Proecdysial animals (K index 13-15) were injected with extracts of

either 1 LBs () or 2 LBs (open symbols) three times at 2-day intervals

beginning at Day (arrow). Each injection contained two LB equivalents

(see Materials and Methods). The effect of injections was determined by

monitoring (he R index of the R2 1 LB. The injection of 2 LB extracts

inhibited 1 LB growth (animals #124, #386, and #341 ), whereas injection

of 1 LB extract had no effect (#331 ).

ing injection (P < 0.005; n = 12). The 1 LB growth rates

of animals injected with 1 LB extracts were the same

before and during the injection series (P < 0.86: n = 10).

For animals that were allowed to complete proecdysis and

molt, injection of 2 LB extract delayed ecdysis about 6

days. The interval between the first injection to ecdysis was

16 to 18 days for three animals injected with 1 LB extract

and 22 to 24 days for three animals injected with 2 LB
extract.

Characterization of linih autotomy factor proecdysis

The reduction in hemolymph ecdysteroid concentration

after LBA suggested that LAF
pro

. like MIH. inhibits ecdy-
steroid secretion by the Y-organs. Consequently, we deter-

mined whether LAF
pro

shared physical and chemical prop-

erties with MIH. MIH is a neuropeptide that is resistant to

boiling in deionized water or acids, but is inactivated by

proteases (Ranga Rao. 1965; Freeman and Costlow, 1979;

Webster, 1986; Webster and Keller, 1986: Chang ct <//..

1990).

To determine the properties of LAF
pro

, 2 LB extracts

were either boiled in deionized water, boiled in 0.1 N acetic

acid, or incubated with proteinase K. An injection series

consisted of three injections at 2-day intervals; each injec-

tion contained one LB equivalent (because we found that

one LB equivalent was as effective as two, we used one LB

equivalent to conserve material). The growth of the R2 1

LB was measured for the week before and the week after the

first injection. The thermal stability of LAF
pro

was deter-

mined by heating 2 LB extracts in a boiling water bath for

1 5 min. The denatured protein was removed by centrifuga-

tion, and the supernatant fraction was injected into proec-

dysial animals. The boiled extract significantly inhibited 1

LB growth by 68%. indicating that the factor was heat-

stable (Fig. 9). In a second set of experiments, the injection

of extracts boiled in 0. 1 N acetic acid had no effect on 1 LB

growth, while the positive control (2 LB extracts from the

same animal boiled 15 min in deionized water) inhibited

growth (Fig. 9). In a third set of experiments, incubation of

2 LB extracts with proteinase K also destroyed LAFpm
activity, as injection of treated extracts did not inhibit 1 LB

growth (Fig. 9). Positive controls, in which untreated 2 LB
extracts from the same animals were injected, inhibited 1

LB growth (data not shown).

Discussion

Since LB growth in decapod crustaceans is restricted to

the proecdysial stage, limb regeneration must be coordi-

nated and integrated with other physiological processes for

an animal to molt successfully. In various decapod species,

multiple leg autotomy (MLA) acts as a potent inducer of

precocious molting, probably due to the need to restore

functional appendages as quickly as possible (Skinner and

Graham, 1970, 1972: Holland and Skinner. 1976; see Skin-

ner. 1985, for additional references). Limb bud autotomy
(LBA) can delay molting so that animals will molt with a
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Figure 8. Injection of 2" limb bud extracts inhibits 1 LB growth.

Proecdysial animals were injected with extracts of either I or 2 LBs, and

the effect of injections was determined by monitoring the R index of the R2

1 LB. The graph compares the mean 1 LB growth rates the week before

and the week after the first injection. Secondary LB extract significantly

inhibited 1 LB growth (P < 0.05; n = 12). Primary LB extract did nol

have any significant effect on T LB growth (P < 0.86. n = 10). Error

bars are 1 SD.
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Figure 9. Characterization of LAF
pro activity in 2 limb bud extracts.

Extracts of 2 LBs were first either boiled in deionized water, boiled in 0. 1

N acelic acid, or incubated with proteinase K; they were injected into

proecdysial animals (R index 13-15; see Materials and Methods). The

effects of injections were determined by comparing the mean 1 LB growth

rates during the week before and the week after the first injection. Each

injection contained one LB equivalent. Extracts boiled in deionized water

retained inhibitory activity; growth rate was inhibited 6X% (P < 0.05, n =

10). However, boiling in 0.1 N acetic acid or incubation with proteinase K

destroyed the inhibitory activity; growth rates were not significantly dif-

ferent (P < 0.37. = 8 for acetic acid and P < 1.78, n = 7 for

proteinase K). Error bars are I SD.

full complement of appendages (Holland and Skinner,

1976; Weis, 1976; McConaugha, 1991 ). In Gecarcinus late-

nilis. Holland and Skinner ( 1976) showed that autotomy of

one or more LBs before a critical stage in proecdysis (R

index < 17) delays ecdysis several weeks so that 2 LBs are

regenerated before the next molt. LBA causes slowing (au-

totomy at R index 7-10) or complete cessation (autotomy at

R index 10-16) of growth of any remaining 1 LBs, as

measured by R index and DNA synthesis, until 2 LBs

differentiate and grow to about the same size as the 1 LBs

that remain (Holland and Skinner, 1976). We obtained

similar results in this study (Fig. 2). Furthermore, we

showed that proecdysis is prolonged further by autotomy of

2 LBs (Fig. 3). Growth of the 3 LBs is slower than that of

the 2 LBs, which suggests that repetitive regeneration

places increasing energetic demands on an animal. Such

demands can limit the number or size of regenerates or

reduce the size increment at ecdysis (Chittleborough, 1975;

Kuris and Mager. 1975; McConaugha, 1991).

The hormone 20E plays a central role in regulating molt-

ing. Thus, it is not surprising that LBA lowers hemolymph

ecdysteroid levels. The changes in ecdysteroid concentra-

tion over the molt cycle follow the same general pattern in

all decapod species. Beginning at proecdysis, decreased

secretion of MIH results in derepression of the Y-organs.

Ecdysteroid levels increase during proecdysis to a maxi-

mum in stage D v drop precipitously at stage D4 , and remain

at low levels through metecdysis and anecdysis (reviewed in

Skinner. 1985). Circulating ecdysteroid drops in response to

LBA and remains low during basal regeneration; ecdy-
steroid liters begin to increase during the subsequent growth
of the 2 LB (Figs. 5, 6; McCarthy and Skinner, 1977).

Primary LBs removed later in proecdysis (R index > 17) are

not regenerated, and the animal molts without the full com-

plement of appendages (Holland and Skinner, 1976). In this

case hemolymph ecdysteroid levels remain elevated (Fig.

4). This may result from reduced release of LAF
pro

from 2

LBs. Alternatively, if LAF
pro

release is sustained at R index

>17, then elevated ecdysteroid may result from reduced

sensitivity of Y-organs to LAF
pro

. This is analogous to the

reduced sensitivity of Y-organs to MIH during late proec-

dysis when there is maximal ecdysone production and high

levels of ecdysteroid in hemolymph (Blais et al.. 1994).

Primary and 2 LBs respond differently to the same

concentration of ecdysteroid, which suggests that limb re-

generation is not regulated simply by ecdysteroid levels. It

probably involves interactions between ecdysteroid and

peptide factors on tissues that may have different sensitiv-

ities to these factors. Low ecdysteroid allows formation of

basal papillae, since injection of exogenous ecdysone inhib-

its LB differentiation (Hopkins rt ul.. 1979). Higher levels

are required for sustained proecdysial LB growth (Hopkins,

1989). LBA causes a decline in ecdysteroid, but the levels

are still higher than those of anecdysial and early proec-

dysial animals (Figs. 4-6). At these levels following LBA.
2 LBs differentiate and grow, whereas 1 LBs stop grow-

ing. This differential sensitivity may be due to a higher

expression of ecdysteroid receptors in 2 LBs, thus causing

the 2 LBs to respond as if the ecdysteroid concentration

were higher. In Uca piigilator. ecdysteroid receptor mRNA
levels increase in 1 LBs during the proecdysial growth

phase, but receptor expression was not examined in 2 LBs

(Chung ct ul.. 1998). Furthermore, resumption of LB

growth is not always preceded with increases in hemolymph

ecdysteroid (Fig. 5), suggesting that other factors are in-

volved. One possible factor is a limb growth-inhibiting

factor (LGIF), which may be secreted by eyestalk neurose-

cretory centers to slow LB growth in G. lutenilis (Hopkins

et ul.. 1979).

Secondary LBs contain a factor that inhibits proecdysial

growth of limb buds and delays molting (Figs. 7, 8). We
believe this factor is LAF

pro
, the existence of which was

originally proposed by Skinner (1985). Extracts of 2 LBs

were injected into proecdysial animals before (R index

13-15) or near (R index 16-17) the critical period. Previous

work by Holland and Skinner ( 1976) suggested that animals

near the critical period would be less responsive to the

extract. As expected, growth of 1 LBs slowed in the

animals near the critical period (data not shown), but was
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completely blocked in animals at R index 13-15. Limb bud

growth resumed 3-5 days after the final injection. Since

injection of 1 LB extracts did not inhibit LB growth, it is

unlikely that the cessation of LB growth by 2 LB extracts

was a consequence of the injection procedure or a general

toxic reaction.

Initial characterization of LAF
pro

indicates that it is a

novel molt-inhibitory factor. It is a small peptide, as it is not

denatured when boiled in deionized water and it is degraded

by proteinase K (Fig. 9). However. LAF
pro

is inactivated in

0. 1 N acetic acid, whereas other inhibitory peptides. such as

MIH and LGIF. are acid-stable (Ranga Rao, 1965; Freeman

and Costlow. 1979; Hopkins et ai. 1979; Webster. 1986;

Webster and Keller. 1986; Chang et ai, 1990). MIH is a

neuropeptide of about 8.5 kDa (71-78 amino acid residues,

depending on species) that inhibits synthesis and secretion

of ecdysone by the Y-organs (reviewed in Chang et ai,

1993; Chang, 2001; De Kleijn and Van Herp. 1995; La-

combe et ai, 1999). LGIF (M r approximately 1 kDa) inhib-

its LB growth in G. lateralis at concentrations that have no

effect on molting, and thus it appears to be distinct from

MIH (Hopkins et ai, 1979).

Although LAFpn , appears to be a small peptide related to

MIH, its identity remains incomplete until the inhibitory

factor is purified and sequenced. Those efforts are under-

way. The site of LAF
pro synthesis is also unknown, but the

factor may be synthesized in neurons in the thoracic gan-

glion or nerve roots and transported via axonal processes to

the 2 LBs. This is supported by the recent discovery of

crustacean hyperglycemic hormone (CHH)/MIH-immuno-
reactive neurons in the thoracic second roots in lobster

(Chang et ai, 1999). Cells containing CHH-like peptides

are also found in the pericardial organ and gastrointestinal

tract of Carcinus maenas (Chung et ai, 1999; Webster et

ai, 2000; Dircksen et ai, 2001). In lobster, hemolymph
levels of CHH/MIH drop 20 days after eyestalk ablation,

although significant amounts are detected as long as one

year without eyestalks (Chang et ai, 1998). These data

indicate that extra-eyestalk sites for neuropeptide synthesis

and secretion are common and are biologically important.

Perhaps the most compelling evidence for an extra-LB site

of LAF
pru synthesis is that LBA has an immediate inhibition

on 1 LB growth before any 2 LBs differentiate (Fig. 2;

Holland and Skinner. 1976). The tissue target (or targets) of

LAF
pro

also needs to be identified. All the data are consis-

tent with the view that LAF
pro

acts directly on the Y-organs

by inhibiting ecdysone synthesis and secretion. The neuro-

secretory centers in the eyestalks are not involved, since

LBA inhibits 1 LB growth and lowers hemolymph ecdy-

steroid in eyestalk-ablated animals (Holland and Skinner,

1976; McCarthy and Skinner. 1977). We have begun ex-

periments to determine whether LAF
pro

blocks ecdysone
secretion by land crab Y-organs in vitro. Our working
model is that severing the thoracic nerve by LBA results in

LAF
pro transport from neurosecretory cells in the central

nervous system and release of LAFpm into the hemolymph
at the autotomy plane (reviewed in Mykles, 2001). LAF

pro

suppresses ecdysone secretion by Y-organs, thus inhibiting

1 LB growth and other proecdysial processes that are

ecdysteroid-dependent.
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Abstract. In the eggs of a wide range of animal species,

various factors that determine the blastomeres' presumptive

fate are known to locate unevenly within the egg. In the

embryos of these animals, cleavage occurs not just to in-

crease cell numbers, but also to distribute the factors to the

respective blastomeres, resulting in cell specialization at the

later stages. In the early cleavage stages, before the estab-

lishment of a device such as desmosomes to directly join the

blastomeres. some other means is needed to keep the blas-

tomeres together and maintain the relative positions among
them. In this study, we found that the embryos of the starfish

Astropecten scoparius lack the hyaline layer seen in sea

urchin embryos and that blastomeres adhere to the fertili-

zation envelope (FE) via filamentous cellular projections

(fixing processes). Electron microscopy revealed the fixing

processes to be specialized microvilli formed, after the

elevation of the FE, by the elongation of short microvilli

that pre-exist in unfertilized eggs. After the first cleavage,

the two blastomeres separate from each other and finally

attach to the FE. In the subsequent cleavages, the blas-

tomeres undergo repeated cell division without separating

from the FE. Between the blastomeres and the FE. only

shortened fixing processes were observed. Destruction of

the fixing processes caused release of the blastomeres from

the FE and disturbance of the relative positions of the

blastomeres, resulting in abnormal development of the em-

bryos. These observations suggest that the fixing process is

a device to keep the egg placed centrally in the FE up to the
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first cleavage, and after the first cleavage and beyond to

anchor the blastomeres to the FE so that the FE can be used

as a scaffold for morphogenesis. Electron microscopy also

suggests that the inner layer of the FE, which is derived

from the contents of cortical granules, reinforces the adhe-

sion of the fixing processes to the FE. Immuno-electron

microscopy, using an antibody against sea urchin hyaline

layer, showed that the inner layer of the FE of starfish eggs

and the hyaline layer of sea urchin eggs, which are both

derived from cortical granules, contain some common ele-

ments.

Introduction

In mammals, "compaction" of the embryo occurs at the

8-cell stage, leading to binding of the blastomeres together

(Tarkowski and Wroblewska, 1967: Hillman el a/., 1972;

Fleming el a/.. 1989). The presumptive fate of the blas-

tomeres is first determined at this stage. In these embryos

there is accordingly a close relationship between the forma-

tion of a binding device for the blastomeres and their

differentiation.

In most invertebrate embryos, however, the presumptive

fate of each blastomere is determined at a much earlier stage

than the formation of intercellular binding devices such as

desmosomes (cf. Kuraishi and Osanai, 1989; Kiyomoto and

Shirai, 1993a. 1993b). It is known that a number of mor-

phogenetic determinants, which play a role in the determi-

nation of the blastomeres' presumptive fate, are located

unevenly within the egg of these animals (Boveri. 1910;

Horstadius, 1935; Anderson and Nusslein-Volhard, 1984).

In those embryos, cell division occurs not just to increase

cell numbers, but also to distribute the various determinants

213
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to the respective blastomeres and induce cell specialization.

If the distribution of the determinants is upset, or some of

the blastomeres are removed, and the spatial positions of

blastomeres are changed, normal development of the em-

bryo is disturbed (Chabry, 1887; Horstadius. 1935; Gilbert,

1994). Animal development provides examples of many
ways to maintain the relative positions among blastomeres

in the period before the formation of intercellular binding
devices. For example, in the embryos of jellyfish (Dan and

Dan, 1947) and hydra (Martin etui.. 1997), species that lack

an investing layer, spinning processes or ladderlike mem-
brane structures are formed, respectively, between blas-

tomeres. In sea urchins, a hyaline layer is formed on the

surface of the egg immediately after fertilization (Endo,

1961 ), and this layer holds the outer surface of the embryo
in place by means of microvilli (Dan and Ono, 1952; Endo,

1961). If the embryo is exposed to antibodies against the

hyaline layer, normal morphogenesis is inhibited (Adelson

and Humphreys, 1988). In sea urchin embryos, therefore,

the relative positions among the blastomeres are maintained

by the hyaline layer and microvilli (Burgess and Schroeder.

1977; Adelson and Humphreys, 1988). In the embryos of

starfish, which belong to the same class of Echinodermata as

sea urchins, a hyaline layer is not formed in the early

cleavage stages (Matsunaga et ai. 2000). so some other

means must exist to unite the blastomeres. In the embryos of

the starfish Astropecten scoparius. we observed the individ-

ual blastomeres lining up along the inner surface of the

fertilization envelope and found threadlike structures (fixing

processes) connecting the blastomeres to the fertilization

envelope. Normal morphogenesis was prevented if the con-

nection between the blastomeres and the fertilization enve-

lope was severed, suggesting that the fertilization envelope
and the fixing process play an important role in maintaining
the relative positions of the blastomeres in A. scoparius

embryos. In this study, we examined the shape, character,

and function of these fixing processes.

Materials and Methods

Handling of gametes

The starfish Astropecten scoparius was collected from

Tateyama Bay in Chiba Prefecture. Japan. Isolated ovaries

were treated with calcium-free seawater for 20-30 min, and

then ovulation was induced by returning them to filtered

normal seawater (NSW), yielding immature oocytes with-

out the follicular envelope (Nemoto et ai. 1980). "Dry

sperm" taken from isolated testes were diluted with NSW
just before use. Maturation division of oocytes was induced

with 2 H.M of 1-methyladenine (1-MeAde; Sigma- Aldrich,

St. Louis, MO) dissolved in NSW (Kanatani, 1969). At 20

C, germinal vesicle breakdown (GVBD) and extrusion of

the first and second polar bodies occurred, respectively, at

about 25, 60, and 90 min after treatment with 1-MeAde. The

maturing oocytes were fertilized 40 min after treatment with

1-MeAde. The fertilized oocytes and embryos were rinsed

once with NSW and then cultured at 20 C. The average
diameters of the oocytes and the fertilization envelope were

210 and 300 /u,m. respectively.

Light microscopy

Oocytes, eggs, and embryos were flattened to a 1 80- /LAID

thickness and examined under a differential interference-

contrast microscope (Axiophoto; Zeiss. Oberkochen. Ger-

many). Microphotographs were taken with Neopan 400

Presto film (Fuji Photo Film, Tokyo. Japan).

Transmission electron microscopv

Two fixing methods were used in this study. A quick-

freeze and freeze-substitution method was mainly used for

examination of cytoskeletons, and chemical fixation was

used for examination of other structures.

Chemical fixation. Oocytes and embryos were first fixed

in 2% glutaraldehyde (TAAB, Berkshire, England) dis-

solved in NSW for 2 h at room temperature, then in Kar-

novsky's fixative (Karnovsky. 1965) for 2 h at room tem-

perature, followed by 10 h at 4 C. After being rinsed

several times with 0.1 M sodium-cacodylate buffer (pH 7.2).

they were then fixed in 1% osmium tetroxide (Polyscience,

Warrington, PA) dissolved in 0.1 M sodium cacodylate for

60 min on ice (Steinbeck et nl.. 1993). The fixed specimens
were rinsed twice with distilled water (DW) and then de-

hydrated with ethanol.

Quick-freeze and freeze-substitution fixation. Oocytes
were first treated with 15% butanediol (Wako Pure Chem-

ical. Tokyo. Japan) diluted with NSW for 20 min on ice

(Reimer and Crawford, 1997), and then they were collected

with a hand-driven centrifuge. A 20-/J.1 aliquot of the spec-

imen was placed on an electron microscopy grid. Excess

NSW was drawn off with a piece of filter paper, and the

specimens were frozen by immersion for 10 s in liquid

propane that had itself been cooled with liquid nitrogen. The

frozen materials were placed in 47r osmium tetroxide/ace-

tone cooled to 90 C. Five days later, the specimens were

first brought up to -20 C and then to 4 C for 2 h each.

They were finally placed at room temperature (Burke et ai,

1998) and dehydrated using acetone.

Embedding and examination. The dehydrated specimens
were embedded in epoxy resin (Kushida, 1980), and ultra-

thin sections (90 nm in thickness) were produced using an

ultramicrotome (MT-XL, RMC Inc., Tucson. AZ). The sec-

tions were stained with uranyl nitrate and lead acetate for 2

min each and examined under a JEOL 1010 transmission

electron microscope (JEOL. Tokyo. Japan).

Ultrathin sections made from the chemically fixed spec-

imens underwent 5 min of etching with 39r sodium meta-
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Figure 1. Development of Astropecten scoparius embryos derived from oocytes fertilized 40 min after

treatment with 1-MeAde. (A) Just after the completion of meiotic division (2 h 10 min after 1-MeAde treatment).

A second polar body is seen at the upper left of the egg. (B) The 2-cell stage just before the second cleavage (2

h 40 min). The two blastomeres moved toward and adhered to the fertilization envelope, producing space

between them. <C) The 4-cell stage just before third cleavage (3 h 10 min). The blastomeres are separated from

each other along the fertilization envelope in a direction perpendicular to the cleavage plane. (D) The 8-cell stage

just after cleavage (3 h 40 min). The blastomeres adhere to the fertilization envelope, and adjacent blastomeres

have become widely separated. (E) The 2
6
-cell stage (6 h 10 min). The blastomeres continued to undergo cell

division without separating from the fertilization envelope, and eventually lined up along the inside surface of

the fertilization envelope. (F) The 2
8
-cell stage (7 h 10 min). A blastula consisting of a single cell layer. (G) A

rotating blastula just before hatching ( 12 h 40 min). A space is seen between the fertilization envelope and the

embryo. (H) A gastrula (24 h 40 min). Scale bar: 50 /AHI.

periodate. After being rinsed with DW, they were treated

with an antibody raised against sea urchin hyaline layer

(Yazaki, 1968) diluted in 0.2% Tween 80 for 5 min at room

temperature. After another rinse with DW, the sections were

treated with an anti-rabbit IgG antibody (Sigma-Aldrich)

bound to protein A-colloidal gold (20 nm in diameter),

diluted 1/40 in 0.2% Tween 80, for 5 min (Morris and

Ciraolo. 1997). These sections were not stained with lead

acetate or uranyl nitrate.

Results

Cleavage and development offertilized eggs

Oocytes fertilized immediately following germinal vesi-

cle breakdown (GVBD) extruded a second polar body 1 Vi h

after treatment with 1-MeAde, completing their matura-

tion division (Fig. 1A). As with the embryos of other

starfish species, elevation of the fertilization envelope con-

tinued for about 2 h after fertilization. The first cleavage

occurred some 40 min after the formation of the second

polar body. After the first cleavage, the two blastomeres

moved in a direction perpendicular to the cleavage plane, as

if to separate from each other. Some 1 5-20 min after the first

cleavage, the two blastomeres impressed themselves into

the fertilization envelope at the surface of their mitotic poles

(Fig. IB). As the area of contact between the blastomeres

and the fertilization envelope became progressively larger,

the blastomeres changed their shape to ellipsoids with the

long axis in the animal-vegetal pole direction, producing

space between them. The second cleavage occurred some 30

min after the first. After this cleavage, as after the first,

space was produced between the blastomeres (Fig. 1C). The

cleavage plane for the third cleavage was formed at right

angles to the first and second cleavage planes. After this

division also, the blastomeres did not separate from the

fertilization envelope (Fig. ID). The blastomeres at this

stage adhered to the fertilization envelope over a wide area

and had become flattened. Adjacent blastomeres had be-

come widely separated from each other. A hyaline layer

could not be distinguished. At the 16-cell stage and beyond,

blastomeres continued to undergo cell division without sep-

arating from the fertilization envelope, and they lined up

along its inside surface (Fig. IE). As a result, the embryo
did not go through the cell-mass, "morula" shape, but be-

came a blastula consisting of a single cell layer (Fig. IF).

When hatching commenced, a space developed between the

fertilization envelope and the embryo, and the embryo be-

gan to spin around (Fig. 1G). Gastrulation began about 3 h
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Figure 2. Effect of acidified seawater (pH 4) treatment for 1 min at the 8-eell stage on the alignment of

blastomeres. (A) Just before the treatment (3 h after fertilization). Blastomeres show a flattened shape, attaching

to the fertilization envelope. (B) One minute after the treatment. Blastomeres changed from ellipsoid to spherical,

and the area of the cell surface in contact with the fertilization envelope became smaller. (C) After brief

centrifugation. Blastomeres are gathered to the centrifugal end inside the fertilization envelope. Scale bar:

50 urn.

after hatching. The embryos developed to mid-gastrulae

10 h after hatching (Fig. IH). Development beyond this

stage was described by Oguro el til. (1976).

Morphogenesis of embryos that have lost attachment

between blastomeres and the fertilization envelope

When embryos at the 8-cell stage (3 h postfertilization)

were subjected to a 1-min pulse treatment with acidified

seawater adjusted to pH 4 with HC1. blastomeres changed
from a flattened shape to a globular one, and the area of the

cell surface in contact with the fertilization envelope be-

came smaller (compare Fig. 2A with Fig. 2B). Blastomeres

also became globular when the fertilization envelope was

removed. When embryos treated with acidified seawater

were returned to NSW and then gently spun with a hand-

driven centrifuge, blastomeres were gathered at the centrif-

ugal end inside the fertilization envelope (Fig. 2C). In

untreated embryos, however, the arrangement of the blas-

tomeres was not disturbed even by such centrifugation.

These results indicate that the attachments between the

fertilization envelope and the blastomeres are severed by

treatment with acidified seawater.

Even after embryos pulse-treated with acidified seawater

were returned to NSW, the blastomeres did not restore their

connection with the fertilization envelope but remained

globular, not returning to their normal flattened shape. At

24 h postfertilization, at which time control embryos had

formed gastrulae. the embryos treated with acidified seawa-

ter alone were morphologically abnormal, many with dis-

torted shapes or abnormal archenterons. and some embryos
had multiple archenterons (Fig. 3 A. B). The effects of

treatment with acidified seawater were especially marked if

conducted between 3 and 4.5 h postfertilization (8- to 64-

cell stage). No morphological abnormalities were seen in

embryos treated with acidified seawater 6.5 h postfertiliza-

tion (2''-cell stage) (Fig. 3C), and normal gastrulae were

formed 24 h postfertilization (Fig. 3D). The effect of acid-

ified seawater treatment was no longer observed when it

was done with embryos 6.5 h postfertilization and beyond.

These results indicate that in the early stages of cleavage,

blastomeres in A. scoparins embryos maintain their spatial

positions relative to each other by means of the fertilization

envelope.

The mechanism of anchoring blastomeres

to the fertilization envelope

The above observations suggest the existence of some

means that attaches blastomeres to the fertilization enve-

lope. Within a minute postinsemination, when the fertiliza-

tion envelope could be identified, a number of particles were

observed in the perivitelline space (perivitelline-space par-

ticles) (Fig. 4 A). A few minutes after insemination, many
thin processes connecting the fertilization envelope and the

egg proper could be seen (Fig. 4B, arrow). These processes

will hereafter be referred to as fixing processes. These fixing

processes elongated rapidly with elevation of the fertiliza-

tion envelope and were located over the entire surface of the

egg. The perivitelline-space particles moved along the fix-

ing processes towards the fertilization envelope (Fig. 4B,

arrowheads), reaching it by several minutes after insemina-

tion, by which time very few could be seen in the peri-

vitelline space (Fig. 4C). The perivitelline-space particles

adhering to the fertilization envelope eventually disap-

peared, leaving a smooth inner surface (Fig. 4C). Around

this time, the basal part of the process assumed the shape of

a cone (Fig. 4C. white arrowheads). After the first cleavage,

fixing processes could still be seen between the blastomeres

and the fertilization envelope but not on the surface of the

cleavage furrow (Fig. 4D: cf. Fig. 5 A). The length of the

fixing processes varied with the distance between the egg

surface and the fertilization envelope; the longest, some 60

/xm. was seen in the vicinity of the cleavage furrow (Fig.

4D). Near the boundary between the areas of the blas-

tomeres touching the fertilization envelope, fixing processes

were short and straight, with no bending being seen. Short
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Figure 3. Development of embryos treated with acidified seawater. (A. B) Bmbryos cultured in normal

seawater for 21 h after 1-min pulse treatment with acidified seawater at the 8-cell stage (3 h after fertilization).

(A) An embryo with multiple archenterons. (B) An embryo showing abnormal morphology. (C) An embryo just

after acidified-seawater treatment at the 2
g
-cell stage (6.5 h after fertilization). No marked changes in morphol-

ogy are observed (cf. Fig. IF). (D) An embryo from the same batch of embryos as in C. cultured for 17.5 h in

normal seawater after the treatment, showing normal morphology of gastrula. Scale bar: 50 /Mm.

fixing processes were also observed in embryos at later

stages of development (Fig. 5A, white arrowheads).

In embryos at the 8-cell stage, blastomeres still adhered to

the fertilization envelope over a wide area and were ellip-

soid (Fig. 5A; cf. Fig. 2A). Fixing processes (white arrow-

heads), near the boundary between the areas of the blas-

tomeres touching the fertilization envelope, were thin and

straight. After a 1-min pulse treatment with acidified sea-

water (Fig. 5B), fixing processes were badly damaged and

became deformed and thicker (arrowheads) than those of

embryos before treatment; they looked as if they had lost

their rigidity. Blastomeres separated from the fertilization

envelope and became roughly spherical. These observations

suggest that the fixing processes are the way that blas-

tomeres are anchored to the fertilization envelope.

Transmission electron microscopic examination

offixing processes

Microvilli, some 700 nm in length, were identified em-

bedded in the vitelline coat on the surface of both immature

(Fig. 6A) and maturing unfertilized oocytes (Fig. 6B). At

30 s postfertilization, the tips of the microvilli were con-

nected to the vitelline coat that was transforming into the

fertilization envelope (Fig. 6C. arrows). Subsequently, the

microvilli elongated with the elevating of the fertilization

envelope (Fig. 6D, E). The fixing processes seen under light

microscopy (Figs. 4 and 5) are therefore considered to be

specialized microvilli. These specialized microvilli sprout

from all over the surface of the egg. At early cleavage

stages, short fixing processes some 500 nm in length were

seen on the surface of the blastomeres adhering to the

fertilization envelope (Fig. 6F). and the tips of those pro-

cesses were connected with the fertilization envelope (ar-

rows). No extracellular matrix surrounding the embryo,

such as a hyaline layer, was observed (Fig. 6D-F). Some

membranous structures (white asterisk) were sometimes

seen in the space between the blastomeres and the fertiliza-

tion envelope.

In the specimens prepared by the quick-freeze and freeze-

substitution method, bundles of fibers could be identified

within microvilli in immature oocytes (Fig. 6A). After oo-

cyte maturation, these fiber bundles extended in the direc-
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D
Figure 4. Surface change of eggs immediately alter Icrtili/ation (inseminated 40 min alter 1-MeAde treatment).

(A) Forty seconds after insemination. A number of panicles are observed in the perivitelline space (perivitelline-space

particles). (B) Two minutes after insemination. Note thin processes (fixing processes; arrow) connecting the fertili/ation

envelope and tlie egg. Perivitelline-space particles (arrowheads) moved along the fixing processes towards the fertilization

envelope. (C) Three minutes after insemination. Note the prominent cone-like shape at the bases of the fixing processes

(white arrowheads). Very few perivitelline-space particles could be seen in the perivitelline space. (D) The 2-cell stage

(3 h after insemination). Fixing processes were elongated in the vicinity of the cleavage furrow and were shortened

near the boundary between the areas of the blastomeres touching the fertilization envelope. Scale bar: 50 jim.

tion of the cytoplasm (Fig. 6B. white arrow), reaching a

length of 2 /LUTI. The diameter of these fibers was 5-6 nm,

so they can be considered microfilaments. Crossing the

microfilament bundle, repeated bands were observed (Fig.

6B, black arrowheads).

We could not examine microfilaments in the fixing pro-

cesses by transmission electron microscopy, because the

fixing processes were not preserved by the quick-freeze and

freeze-substitution fixation that effectively preserves micro-

filaments. To get information on these microfilaments, we

examined the effects of cytochalasin D on the fixing pro-

cesses. When the cytochalasin was applied to fertilized

eggs, intact fixing processes disappeared within several

minutes of treatment, and only fragmented fixing processes

were observed in the perivitelline space (Fig. 7 A). In em-

bryos pulse-treated with the cytochalasin at early cleavage

stages, the fixation of blastomeres on the fertilization enve-

lope were severely damaged, and the blastomeres changed

shape from flattened to globular (compare Fig. 7B with

Figs. ID and 2A). These results suggest the presence of

microfilaments in the fixing processes.

In unfertili/ed maturing oocytes, granular structures with

fairly high electron density could be seen along the cortex

(Fig. 8A. asterisks). On fertilization, these granules opened

Figure 5. Changes of fixing processes alter treatment of S-eell stage

embryos with acidified seawater. (A) An egg before the treatment. Fixing

processes are straight and thin (while arrowheads). (B) Two minutes after

the treatment. Fixing processes became thicker and were badly damaged

(black arrowheads), and the blastomeres changed their shape from ellipsoid

to spherical. Scale bar: 50 nm.
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Figure 6. Transmission electron microscopy of microvilli and fixing processes. lA. B) Quick-free/e and

freeze-substitution fixation. (C-F) Chemical fixation. (A) An immature oocyte. Microvilli were identified

embedded in the vitelline coat (VC) on the surface of the oocyte. Note bundles of fibers within microvilli. (B)

A maturing oocyte 40 min after 1-MeAde treatment. Fiber bundles inside microvilli extend into the cytoplasm

(white arrow). On the fiber bundles, some repeated strips are observed (black arrowheads). (C) Thirty seconds

after insemination (40 min after 1-MeAde treatment). The tips of microvilli (arrows) were connected to the

vitelline coat that was transforming into the fertilization envelope. (D) One minute after insemination. Microvilli

were lengthening with the elevation of the fertilization envelope, thereby transforming themselves into the fixing

processes. A fixing process attached to the electron-dense innermost layer of the fertilization envelope (arrow).

(E) Two minutes after insemination. The length of microvilli increased compared to that in D. A fixing process

attached to the electron-dense innermost layer of the fertilization envelope (arrow). (F) The 8-cell stage. Short

fixing processes were observed on the blastomere surface adherent to the fertilization envelope. The tips ol the

processes were connected with the fertilization envelope (arrows). Scale bars: 500 nm (A-E). and 2 /^m (F).

onto the cell surface and discharged the contents into the

perivitelline space (Fig. 8B-D: cf. Fig. 6D, E), resulting in

their disappearance from the cytoplasm (Fig. 6F). These

granules are therefore considered to be cortical granules.

Following exocytosis of the cortical granules, electron-

dense particles appeared in the perivitelline space, indicat-

ing that the particles correspond to the perivitelline-space

particles observed under light microscopy (Fig. 4A, B) and

are derived from the cortical granules. To confirm this,

immuno-electron microscopy was performed using an anti-

body against the sea urchin egg's hyaline layer (Yazaki,

1968), which is known to derive from the cortical granules

(Endo. 1961). As shown in Figure 8A, gold particles are

present inside the cortical granules (asterisks) in unfertilized

oocytes. After fertilization, gold particles could be seen

specifically in the cortical granule contents that were just

being discharged outside the egg (Fig. 8B, asterisk). After

their discharge into the perivitelline space (Fig. 8C, aster-

isk), the cortical granule contents, recognizable by the gold

particles, reached the fertilization envelope (Fig. 8D, aster-

isk). As can be clearly seen in Figures 6 and 8. there is no

hyaline layer over the egg surface, and gold particles cannot

be identified outside the cell surface (Fig. 8C, D). As the

perivitelline-space particles began to arrive at the fertiliza-

tion envelope, a layer with fairly high electron density-

appeared on the inner part of the fertilization envelope, to
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Figure 7. Effects of cytochalasin D on the fixing processes. Eggs were fertilized at 40 min after 1-MeAde

treatment. (A) Ten minutes after application of 3 fj-M cytochalasin D { Sigma- Aldrich, St. Louis. MO), which is

applied to the fertilized eggs at 90 min after fertilization. (B) Fertilized eggs were pulse-treated with the

cytochalasin (3 juA/l tor 10 nun after the third cleavage. Each blastomere lost its contact with the fertilization

membrane, and transformed its flattened shape into a globular one. Scale bar: 100 j^m.

which the tips of the fixing processes were joined (Fig. 6D,

G). Near the cleavage furrows (Fig. 9), the inner layer was

occasionally seen detached from the fertilization envelope

and was linked with a number of fixing processes (arrows).

Discussion

In the early cleavage stages before the establishment of

some mechanism, such as desmosomes, to directly bind

blastomeres, animal embryos devise various means to keep
the blastomeres together and maintain their spatial positions

relative to each other. In sea urchin eggs, a hyaline layer is

formed by the exocytosis of cortical granules immediately

after fertilization (Endo, 1961). Microvilli are embedded

into the hyaline layer, thus fixing the surface of fertilized

eggs to the hyaline layer. Each blastomere produced by

cleavage is therefore held in place by the hyaline layer (Dan

and Ono, 1952) by means of microvilli, thereby maintaining

the three-dimensional spatial relationship among the blas-

tomeres. In sea urchin embryos, even if the fertilization

envelope is removed, normal morphogenesis continues as

long as the hyaline layer remains (Showman and Foerder.

1979).

In this study, we found that in Astropectcn \ci>iicihn\

embryos, which lack a hyaline layer, the relative positions

among blastomeres are maintained by the fertilization en-

velope and the cytoplasmic threads (fixing processes) at-

tached to it. As can be seen in Figure 6, fixing processes are

altered microvilli. On fertilization, the tips of the microvilli

buried in the vitelline coat are attached to the fertilization

envelope, and the microvilli rapidly lengthen with elevation

of the fertilization envelope. Because fixing processes are

located all over the cell surface, the balance of their tensions

may keep the egg placed in the center of the fertilization

envelope at the one-cell stage before the first cleavage.

Hiramoto (1954, 1955) predicted the presence of a certain

structure that connects the egg proper and the fertilization

envelope in sea urchin zygotes, but its true nature is un-

known.

After maturation division begins in A. scopciriits oocytes,

microfi lament bundles within the microvilli lengthen, pro-

truding some distance into the cytoplasm from the bases of

the microvilli in unfertilized oocytes. Such lengthening fol-

lowing maturation division can be thought to be preparation

for rapid elongation of microvilli postfertilization. Repeated

bands were observed crossing the microfilament bundles

(Fig. 6B. black arrowheads). The interval between the strips

is some 60 nm. These bands may be formed of a kind of

fascins, a family of actin-bundling proteins, although the

band interval is wider than that reported in other types of

cells ( 1 1 nm) (see Edwards and Bryan, 1995, for review).

After the first cleavage, the fixing processes near the

cleavage furrow can be as long as 60 yu,m. This rivals the

length of the acrosomes of the sea cucumber Deinlrochi-

rotida thyonc (Tilney and Inoue, 1982) a well-known ex-

ample of the long actin fibers in gametes. In embryos after

the second cleavage, fixing processes are short around the

contact region between the blastomeres and the fertilization

envelope (Fig. 6F). On the surface of the blastomeres in
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Figure 8. Immune-electron microscopy of perivitelline-space particles

using an antibody raised against sea urchin hyaline layer in chemically

fixed specimens. (A) A maturing unfertilized oocyte. Cortical granules

(asterisks), which were seen along the cortex, were decorated with gold

particles. (B) Thirty seconds after insemination at 40 min after 1-MeAde

treatment. Gold particles specifically decorated the cortical granule con-

tents (asterisk) being discharged into the perivitelline space. (C) Five

minutes after insemination. A perivitelline-space particle (asterisk) was

decorated with gold particles. (D) Ten minutes after insemination. The

fertilization envelope (FE) became decorated with gold particles after the

perivitelline-space particles (asterisks) reached the envelope. Scale bar:

500 nm.

contact with the fertilization envelope, fixing processes are

so short that they are difficult to detect by light microscopy

(see Figs. 4D and 5A). Such short processes are thought to

be the product of reduction of the long fixing processes seen

before the first cleavage, although the mechanism of the

reduction is not known.

Before the first cleavage, perivitelline-space particles

reach the fertilization envelope and form its inner layer (Fig.

8D). As can be seen in Figures 6 and 8, this inner layer is

derived from substances contained in the cortical granules,

and the tips of the fixing processes are attached to the layer.

Near the cleavage furrows, the inner layer, with fixing

processes attached, could sometimes be seen detached

from the fertilization envelope (Fig. 9), suggesting that the

inner layer, derived from cortical granule contents, rein-

forces the attachment of the fixing processes to the fertili-

zation envelope.

Treatment with acidified seawater breaks the attachments

between the blastomeres and the fertilization envelope. The

effects of acidified seawater are not seen on embryos more

than 6.5 h postfertilization. indicating that after that time,

the fixing processes play a lesser role in holding the blas-

tomeres in place. Intercellular binding devices such as des-

mosomes are probably fulfilling this role at this stage (cf.

Dan-Sohkawa et ai, 1986). It is not known when the

connections between fixing processes and the fertilization

envelope are broken, but around the time of hatching the

embryo is able to spin around inside the fertilization enve-

lope, so the attachments have been severed by this time at

the latest.

The spatial relationship between blastomeres is main-

tained by the hyaline layer and microvilli in sea urchin

embryos, and in A. scopariitx embryos, which lack a hyaline

layer, by the fertilization envelope and microvilli. The mor-

phology and location of the hyaline layer and the fertiliza-

tion envelope are different, but each contains substances

derived from cortical granules. It is of great interest that, as

shown in the immuno-electron microscopic findings (Fig.

8), they contain some common elements. This way of using

the fertilization envelope as a scaffold for morphogenesis,

which has been seen in A. sc/i/hiriiis embryos, may be a

Figure 9. Detachment of fixing processes trom Ihe fertilization enve-

lope during cleavages. Transmission electron micrograph of the specimen

chemically fixed at the third cleavage. Near the cleavage furrow, the

innermost layer of the fertilization envelope (arrow), to which fixing

processes (arrowheads) were becoming attached, was ripped off from the

fertilization envelope proper. The cleavage furrow was on the left side ot

the hlastomere. Scale bar: 500 nm.
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common mechanism for starfish embryos that lack a hyaline

layer in early cleavage stages.
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Abstract. The eye of Ligia exotica is of the apposition

type and has open rhabdoms. The facets are hexagonal, and

the dioptric apparatus consists of a flat cornea and a spher-

ical crystalline cone placed in the center of two large cone

cells. Each ommatidium has seven regular retinula cells and

one eccentric cell; a basement membrane forms the proxi-

mal boundary of the retina. With increases in body size from

0.6 to almost 4.0 cm, facet numbers and ommatidial diam-

eters increased from 800 to 1500 and 35 jum to 100 ;um,

respectively; eye length and width grew from 1.2 to 3.2 and

0.9 to 2.5 mm, respectively; and length of dioptric apparatus

and width of retinal layer changed from 70 jam to 1 80 fj,m

and about 70 /j,m to 120 /u,m. Visual angles and interom-

matidial angles of centrally located ommutidiu remained

constant at about 30 and 6.9 degrees, respectively. An
almost perfect linear relationship was found when eye

length was plotted against the product between the square

root of the total number of ommatidia and the ommatidial

diameter. No difference between males and females was

observed in any of the relationships, but the results suggest

that, compared with smaller specimens, larger ones possess

increased absolute sensitivity in single ommatidia, in-

creased sensitivity to point sources, and overall larger an-

gular visual fields for the eye in its totality. This means that

larger individuals of L. exotica (which are also faster) have

an advantage over smaller individuals at night, but that

smaller individuals may cope better with bright lights. Vi-

sion in L. exotica seems useful not only in detecting poten-
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* To whom correspondence should he addressed. E-mail: B.Meyer-

Rochow@iu-bremen.de

tial danger, but also in locating and approaching cliffs from

a distance of 2-4 m when swimming in seawater.

Introduction

The eyes of the semiterrestrial isopod Ligia exotica have

previously been the subjects of investigations into circadian

changes (Hariyama et al., 1986), ultraviolet responses (Hari-

yama et al., 1993), and acceptance angles (Hariyama et al.,

2001 ). Because L. exotica, like most crustaceans, has inde-

terminate growth, changes in eye size (possibly shape as

well), facet numbers, and ommatidial dimensions must oc-

cur as individuals undergo successive molting. The exis-

tence of such growth-related changes in eye morphology

suggests that at least some aspects of the way individuals of

L. exotica see the world around them could depend on body

size, age and, if males and females were of different size,

even sex. Thus, one goal of this study was to examine the

morphology of the eyes of a wide range of differently sized

male and female L. exotica.

A second goal of this study was to examine postembry-

onic changes (and their functional consequences) in the eyes

of crustaceans in general and isopods in particular. Only one

paper known to us lists ommatidial numbers in relation to an

approximately 10-fold increase in body size in an isopod

(Meyer-Rochow, 1982). Although Barlow (1952) provided

details on the influence of the dimensions in apposition

compound eyes on acuity and resolution and Horridge

( 1978) later added to these observations, few researchers of

crustacean compound eyes, as documented by Meyer-
Rochow and Reid ( 1996), ever mentioned the size or age of

their experimental animals.

223
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Investigations of postembryonic eye growth in crusta-

ceans (e.g., Gammanis chevreu.\i: Belehradek and Huxley,

1930: Pamiliriis longipes: Meyer-Rochow. 1975; Homariis

gammams: Shelton et ai. 1981: Procambants clarkii: To-

karski and Hafner, 1984; Neomysis integer and Thysanoessa

raschii: Nilsson et ai, 1986; Hemigrapsits sangiiineiis:

Eguchi et ai, 1989; Anomura: Fincham. 1988; Petmlisthes

elongatus: Meyer-Rochow et til.. 1990, Curciniis inaenas

and Hyas araneu.s: Harzsch and Dawirs, 1996) show that

crustacean compound eyes grow neither isometrically nor

allometrically, but that certain eye components may follow

their own separate growth patterns. In some cases, this leads

to a change from one functional eye type to another, for

instance, from the apposition to the superposition system in

the rock lobster Panulirus longipes (Meyer-Rochow, 1975),

the mysid Neomysis integer, and the euphuusiid Thysa-

noessa raschii (Nilsson et nl., 1986). By examining certain

aspects of postembryonic eye growth in L. e.\otica. we aim

to better understand the role of vision in this species and the

patterns governing size and age-related phenomena of vi-

sion in crustaceans generally.

Materials and Methods

Animals

Numerous individuals of Ligiti exotica, representing a

wide range of sizes, were collected by hand along the

seashore of Shiogama (Miyagi Prefecture, Japan) at low tide

around noon. On the same day, the captured specimens were

taken to the laboratory in plastic containers and transferred

to spacious tanks ( 100 X 40 X 40 cm). In the laboratory, the

animals were maintained at a constant temperature of 24 C
under regular, cyclic light/dark conditions (L/D = 12/12 h)

for about one week. During that time, they were fed com-

mercially available dry pellets of insect food.

Measurements

The total number of ommatidia was determined from

light micrographs and scanning electron micrographs of 24

eyes of differently sized animals ( 13 males and 1 1 females).

Care was taken that only animals with seven pairs of legs

were used in this investigation, since larvae of this species

(usually reared under a female's abdomen in the marsu-

pium, but occasionally dropping out or escaping from it)

have only six pairs of legs. To count all the ommatidia of the

curved and asymmetrically shaped eyes, each specimen was

photographed from at least four angles. Debris particles on

the eye's surface (Fig. 1C. white arrows) enabled us to

identify individual ommatidia and thus allowed us to rec-

ognize the borders between adjacent micrographs. Omma-
tidia were counted from either the left or the right eye and

in one case from both eyes.

Lengths and widths along the two principal axes of the

compound eyes were determined from light micrographs of

13 male and 9 female specimens: the diameters of individ-

ual ommatidia from the dorsal non-rim area of the eyes were

also measured. Eyes of 26 males and 13 females, frozen

through rapid immersion in liquid nitrogen and then split

with a razor blade, served as material for scanning electron

microscopy (SEM). From the micrographs, facet diameters,

lengths of dioptric structures, retinal widths, and interom-

matidial angles were measured. For each of these four

features, depending on the condition of the specimen and

the quality of the photographs, three to seven measurements

per individual were taken. SAS statistical and graph soft-

ware (SAS Institute Inc.. Cary. NC) was used in curve

constructions, calculations, and statistical analyses.

Specimen preparation

Out of several hundred individuals collected, 1 1 1 were

randomly chosen (56 males and 55 females of various sizes)

for this part of the study. Following confirmation of the sex

through external inspection, each animal was weighed on an

electric balance. To determine an animal's size (Fig. 1 ), four

measurements were taken with a pair of dividers and a ruler

calibrated to 1 mm: antennal length, uropod length, body

length (excluding antennae and uropods), and total speci-

men length (including antennae and uropods). Any further

observations, principally involving the eyes (see below), were

carried out on material from these measured individuals.

For light microscopy, specimens were decapitated in the

pretixative solution (2% paratormaldehyde and 2% glutar-

aldehyde in 0.1 M sodium cacodylate at pH 7.4) with a

sharp razor blade. The surface of the compound eye was

observed immediately thereafter under a light microscope

(Nikon FX) by epi (= orthodromic) illumination. The light

microscope (Zeiss Axiovar 100) was also used to pre-

examine samples prepared for scanning electron microscopy

and thick sections made with a cryostat. Semithin sections

were stained in an aqueous solution of 1% toluidine blue.

For SEM, the eyes were surgically removed from the

head while the latter was immersed in 0.1 M phosphate

buffer (pH 7.2). The severed eyes were then fixed for 2 h in

2.5% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2).

After the preparations were rinsed three times for 10 min in

0.1 M phosphate buffer, they were dehydrated in a graded

series of ethanol and transferred into isoamyl acetate. The

preparations were then dried with a critical point drying

apparatus, attached to a metal plate, and ion-coated. To

observe aspects of the longitudinal organization of the ret-

ina, some of the samples, after fixation, were frozen with

liquid nitrogen, split longitudinally with a razor blade to

expose the cleaved tissue layers, and dried and ion-coated

with white-gold vapor (Eico ion coaler IB-3) like the rest of

the SEM samples. Observations were carried out under a

Hitachi S-430 scanning electron microscope, operated at an

accelerating voltage of 20 kV.
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Figure 1. (A) Schematic drawing of Ligia e.wtica with the four lengths monitored indicated by small letters:

(a) length of antennae, (b) length of body excluding antennae and uropods, (c) length of uropods alone, and (d)

total body length. (B) Head region with eyes in black, viewed from above and showing horizontal (
=

anteroposterior) extent of eye measurable as e. and head region seen from the front with dorsoventral extent of

the eye measurable as f. (C) Scanning electron micrograph of the outer surface of the compound eye of L.

exotica, showing facets with hexagonal outlines. Ommatidial diameter was defined as the corner-to-corner

distance (g). while debris on the cornea (white arrows) served as landmarks, assisting in identifying specific

places on the eye. (D) Schematic drawing (left) and photomicrograph (right) of longitudinally sectioned

ommatidia. Diameter of a facet was measured as g at the cornea (Cr), length of the dioptric apparatus, h, with

the spherical crystalline cone (Cc) at its center, was defined as the distance from the corneal surface to the distal

tip of the rhabdom, and the length of the retina, i. covered the distance between distal tip of the rhabdom (R)

and basement (Bm). The angle Va defined the visual angle of an ommatidium.

Results

All individuals of Ligia exotica examined, irrespective of

size, possessed apposition-type compound eyes with a hex-

agonal ommatidial lattice. The eyes were always sessile and

occupied almost the entire lateral region of the head (Fig.

1A, B). The eyes were uniformly black; the ommatidial

arrangement showed no obvious morphological differences.

except for the marginal row of ommatidia all around the

edge of the eye, in which smaller and seemingly immature

ommatidia prevailed.

First we determined the relationship between individual

weights and sizes. Size was used in preference to age, since

(a) food quality and quantity as well as other environmental

factors can affect the speed of growth in crustaceans, and (b)
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456
Length (cm)

Figure 2. Relationship, obeying the function y
=

A.-.Y
3

. between body

weight (ordinate) and length of uropods (circles), antennae (triangles

pointing upward), total body length (squares), and body length excluding

antennae and uropods (triangles pointing downward) in male and female

individuals of Lit; in exotica (open and rilled symbols, respectively). The

values for k in the four relationships were calculated as 0.321, 0.062.

0.0038, and 0.045; the respective chi-square (,\-| values were 0.104. 0.039.

0.016, and 0.01 I.

we have no way of telling how old an individual really is

and how many times it may have molted prior to capture.

Lengths of the antennae, uropods, and bodies (with and

without antennae and uropods) all increased with body

weight (Fig. 2) and fitted the equation y
= kX* (where y

=

weight, k = constant, and A' = length). The largest individ-

uals encountered were males of about 2.75 g in weight and

about 11 cm in total body length (i.e.. measured with

antennae and uropods). Females, being somewhat shorter

and reaching a maximum total length of 7.5 cm and a weight

of about 1.5 g (Fig. 2). appear to form a subpopulation of

smaller individuals within the greater population of L ex-

otica. However, the shape and slope of the graph of the

females' weight/size relationship were comparable to those

of the males, provided we disregarded the upper (only

males) and lower (only females) reaches. The smallest

males weighed 0.14 g and measured 4.6 cm in total body

length. Since the best correlation (i.e.. smallest variation)

existed between weight and body length (defined as the

length of an animal excluding antennae and uropods). we

used body length alone (and not total body length) in all

relationships regarding eye measurements and specimens of

different sizes (see below).

The total number of ommatidia increased with an indi-

vidual's increasing body length (Fig. 3). The smallest indi-

viduals (body lengths of cu. 0.75 cm) had about 800 om-

matidia, whereas the largest specimens (body lengths cu. 4

cm) had about 1500. The increase in facet number between

smallest and largest individuals was thus nearly two-fold,

while body length increased at least five-fold. No statistical

difference was detected between the curves of males and
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Kijjure 3. Relationship between number of ommatidia per single eye

and body length in male and female Ligiti t:\otica. obeying the formula y
=

174.3X + 816.4 (SD = 104; R = 0.87).

females; both had a correlation coefficient for the least-

squares fit of the data points of R = 0.87.

The extent of the horizontal and vertical spread of the eye

was measured along the eye's two principal axes (Fig. IB).

The length of the eye along its horizontal (anteroposterior)

extent and across its vertical (dorsoventral) range increased

linearly with body size (Fig. 4). No obvious differences

between the growth curves of male and female eyes were

noticed, but eye growth in the anteroposterior direction

slightly outpaced that of the dorsoventral direction. Thus,

the general shape of the eye (but not its overall size)

changed rather little throughout the animal's life.

The diameter of an individual ommatidium, measured

either from the surface of the eye as facet diameter or from

cross sections of the eye at corneal levels, increased nearly

linearly with eye size and, when plotted against the body
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0.5-

0.0
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o

d; male

e: male

d: female

e: female
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0.5 1.0 1.5 2.0 2.5 3.0

Body Length (cm)

3.5 4.0 4.5

4. Length (anteroposterior: d) and width (dorsoventral: e) in-

creases of the eye of Ligia exotica mules and females in relation to body

size. The equation y = 0.65.Y + 0.62 (SD = 0.144) describes the length

relationship, while y
= 0.56.V + 0.5 (SD = 0.16; K = 0.95) describes the

width relationship.
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between body length and ommatidial diameters, the latter either determined

directly from scanning electron micrographs (single values) or as the

average of 3-7 measurements taken from each longitidinally sectioned eye

(values with standard deviation bars) of male and female specimens.

0.5 1.0 1.5 2.0 2.5 3.0

Body Length (cm)

3.5 4.0

a male
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4.5

Figure 7. Relationship, obeying y = 13.5X + 71.5 (SD = 15.3).

between body length and ommatidial length of retina, determined as the

average of 3-7 measurements taken from each longitudinally sectioned eye

of male and female specimens.

length of an animal, with growth of the whole animal as

well (Fig. 5). The smallest and the largest specimens exam-

ined exhibited facet diameters of 35 jam and 105 /im,

respectively. Once again, there were no differences between

male and female individuals. The length of the dioptric

structures (h in Fig. ID) for both male and female individ-

uals increased linearly in relation to body length of an

animal (Fig. 6). The width of the retinal layer, measured as

retina length per ommatidium in the eye of both males and

females, also increased in relation to greater individual body
size (Fig. 7), but with more variability (/?

= 0.586) than

some other structures of the eye, for example, the layer of

the dioptric elements mentioned earlier (see above).

True interommatidial angles cannot be obtained in L.

exotica, because rhabdomeres are frequently skewed and the

220-
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Figure 6. Relationship, obeying y
= 24.8X + 71 (SD = 13.55; R =

0.831 ) between body length and length of dioptric apparatus, determined as

the average of 3-7 measurements taken from each longitudinally sectioned

eye of male and female specimens.

axes of ommatidial groups of retinula cells are not always

parallel to the axes of the dioptric structures. Since the

spacing of the facets is an important parameter in vision,

two alternative angles, which are probably independent

from each other, were measured. Dioptric systems of neigh-

boring ommatidia, involving only cornea and cone cells,

were usually straight. It was thus possible to measure the

inclination of the axes through the dioptric structures of

neighbouring ommatidia in 1 1 females and 16 males, rang-

ing from 1 to 6 cm in body length. The interommatidial

angle obtained in this way was 6.91 0.95 and showed no

appreciable difference across the size range of animals or

between male and female. The second approach we used to

examine intertacetal constancy involved what we termed

the visual angle. This angle is not identical to the interom-

matidial angle, but it provides an estimate of the optical

"catchment" of each dioptric apparatus on purely geometric

grounds. It was measured on longitudinal sections as the

figure formed by the two lines leading from the outer edges

of the cornea to a common point at the proximal end of the

crystalline cone (cf. Fig. ID). Corneal surfaces and crystal-

line cone cells were arranged at right angles to each other,

and facet diameters in both males and females increased in

relation to body size. The dioptric elements in the omma-

tidia, however, also increased in size and became thicker

and longer. Since the ratio between diameter and length

remained more or less constant as L. exotica grew, the

visual angles, representing optical catchment per ommatid-

ium, also remained basically the same (i.e., 30) for differ-

ent body lengths (Fig. 8).

Discussion

In contrast to the embryological morphogenesis of the

crustacean compound eye (Fincham. 1984, 1988; Hafner
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Figure 8. Relationship, obeying y
= -0.25.V + 31.1 (SD = 1.53)

between body length and visual angle, determined as the average of 3-7

measurements taken from each micrograph of longitudinally sectioned eye

of male and female specimens.

and Tokarski, 1998), postembryonic eye differentiation pre-

sents a far less uniform picture. The variety of patterns seen

in different crustaceans reflects the wide range of tasks

a compound eye has to carry out. Cases are known in

which larvae possess eyes, but adults are eyeless and have

lost their photoreceptors (e.g.. Troglocaris anophthalmus:

Christian Juberthie, CNRS, Laboratoire souterrain. pers.

comm.. and Juberthie-Jupeau, 1972; Alvinocaris markensis:

Chamberlain, 2000): or in which juvenile individuals fea-

ture apposition eyes, but adults have superposition eyes

(e.g., Pannlinis longipes: Meyer-Rochow, 1975; mysids
and euphausiids: Nilsson ct at.. 1986); or in which the

dioptric elements are lost and the retina changes from the

imaging type to a nonimaging one (bresiliid shrimps: Gaten

ct iii, 1998). Obviously, such changes must have an effect

on the more central components of the visual system: how-

ever, apart from a study of the optic ganglia of two brachyu-

ran species by Harzsch and Dawirs ( 1996), no other detailed

information on the events in the eyestalk ganglia during

postembryonic compound eye maturation is available, and

specifically for L. exotica, only a basic study of the optic

neuropils (Sharma. 1982) has been published.

Not surprisingly, in view of the rather similar ecological

requirements and behavior of the different size classes of L.

exotica, postembryonic eye development in this species is

less dramatic than that of the crustaceans mentioned in the

preceding paragraph. The eye and most of its components

grow isometrically, although the slopes of the growth
curves for different structures, as our observations have

shown, need not be identical. Through the addition of om-

matidia following molts, interonimatidial angles of the cen-

tral region of the eye frequently decrease (e.g., Hemi-

griti>sit<; sanguineus'. Eguchi et al., 1989; Curcinnx inacnas

and Hyas anineiis: Harzsch and Dawirs, 1996), allowing the

animal to develop greater resolving power in that part of the

eye. On the other hand, interommatidial angles can remain

constant (Petrolisthes elongutus: Meyer-Rochow et al..

1990) or may even increase with the addition of extra

ommatidia (Argulus foliaceus: Madsen. 1964). depending
on where in or around the eye the proliferation zone or

zones exist. In L. exotica, ommatidia closest to the edge, all

around the eye, displayed smaller and more irregular facet

outlines than those of the central region. Ultrastructurally

they also differed, but we have just begun to investigate

whether a distinct proliferation zone is responsible for the

recruitment of these marginal ommatidia and to what extent

they can transform themselves into the more regular type.

We noticed that the increase in ommatidia with age was

neither strictly linear, as in the amphipod Gammarus chev-

rcn.\i (Be'lehradek and Huxley. 1930), nor exponential, as in

Petrolisthes elongatus: Meyer-Rochow et al.. 1990). Be-

cause the number of the ommatidia in L exotica appears to

be correlated with the area of the compound eye (rather than

simply with the size of the animal), we calculated the

product of the square root of the total number of ommatidia

and the average ommatidial diameter, plotting the values

against the maximum length of the eye. The result is an

almost perfect linear relationship (Fig. 9). suggesting that

image quality (resolution) remains constant as the eye in-

creases in size. When the growth relationship is expressed in

this way, it becomes independent of an individual's age or

molt status, which is an advantage because age and size in

crustaceans cannot easily be connected (Shelton et al..

1981).

L. exotica is an alert and agile species, and as anyone

who has tried to catch live specimens on a beach, whether

during the day or under twilight conditions, would testify

it has keen eyesight. Electrophysiological recordings from

adult animals, in air, confirm that acuity is impressive

and that the acceptance angle of a single receptor cell is
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Figure 9. Plotting the product of the square root of total number of

ommatidia and ommatidial diameter against eye length results in an almost

perfect linear relationship, following the equation y = 1.0.V - 7.7.
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about 2, even at night when sensitivity increases 10-fold

(Hariyama et ai, 2001). Apparently, however, L. exotica,

not only can see in air, but also can use vision underwater,

for example, in attempts to reach coastal rocks or the shore

from distances of 0.5-1.0 m (Taylor and Carefoot, 1990).

Since this species undoubtedly had aquatic ancestors, and

crustaceans are known to be able to use underwater visual

landmarks (Cannicci et <;/., 2000). we have to consider the

possibility that some of the eye's functions as well as its

structural characteristics (Richter, 1999) are rooted in L.

exotica's behavior in the aquatic environment.

L. exotica can feed and survive submerged in seawater for

at least 14 days, but small as well as large individuals

immediately seek to reach the shore after being blown into

the sea by a gust of wind or after accidentally jumping into

the water as pan of an escape maneuver (Taylor and Care-

foot. 1990). At night, in total darkness, Taylor and Carefoot

(1990) did not notice any swimming orientation that dif-

fered from randomness; most of the individuals tossed into

the water sank to the bottom, where they would slowly

crawl up the slope, presumably making use of leg proprio-

ceptive inputs (Nalbach et <//.. 1989). During the day, how-

ever, waterborne individuals tended to swim at the surface,

and the chief factors influencing their directional surface-

swims appeared to be "angle of sun and darkness of bottom

or wall" (Taylor and Carefoot, 1990). Yet the same re-

searchers pointed out that orientation to the sun "was of

secondary importance" and that differentiation between

lighter and darker features apparently provided the principal

navigational cues.

In addition to spatial resolution and sensitivity, another

important photoreceptor property that, according to Frank

(1999), needs to be considered in "any comprehensive anal-

ysis of the visual system of organisms" is flicker fusion

frequency (= temporal resolution). The latter is generally

high in terrestrial and rapidly moving, daytime-active spe-

cies and lower in aquatic organisms. Flicker fusion fre-

quency (FFF) is not known in L. exotica, but Ruck and Jahn

(1954) measured an average FFF of 120 in adults of the

closely related L. occidentalis. Resembling that of the bum-

blebee eye (Meyer-Rochow, 1981). such a relatively high

FFF value is not unusual for flying insects, but it is unusual

for crustaceans (cf. Frank, 1999); it is probably related to the

great speed with which all Ligia spp. scuttle around on the

beach. Autrum (1950) showed that fast-moving arthropods

require higher FFFs than slow-moving ones; and Srinivasan

and Bernard (1975) showed that at angular velocities above

a critical value, the temporal properties of an eye begin to

determine spatial resolution to a greater extent than the

optics of the eye do. Figures for running speeds of L. exotica

individuals of different sizes are unavailable, but swimming

speeds have been measured: animals 10-15 mm in body

length are capable of velocities corresponding to about 3

body lengths/s, but individuals of 40-50 mm are faster and

cover 4-5 body lengths/s (Taylor and Carefoot, 1990). On
that basis, we tentatively conclude that, unlike bigger spec-

imens of Ligia, small ones do not need a high FFF value.

We see confirmation for this notion in the ommatidial

organization of the eye of the smaller specimens, which

seemingly favors spatial resolution.

Since the shape of the eye in L. exotica stays roughly the

same, density and contours of individual ommatidia are kept

constant, and both interommatidial and visual angles persist

unchanged throughout an individual's life; hence the resolv-

ing power of the eye should also remain rather stable, even

if the FFF were to rise as the animal grows and becomes

faster. With no significant change to the overall form of the

compound eye in Ligia, we would expect the overall visual

field of an eye to remain about the same throughout life. In

small specimens, the visual fields of photoreceptor cells are,

however, difficult to measure, and only recordings from

larger individuals have been successful (Hariyama et ai,

2001 ). But because their facets are fewer as well as smaller,

the eyes of younger specimens are likely to be less sensi-

tive to point sources as well as extended sources of light

(Land, 1981). Bigger specimens, with their more numerous

facets and wider ommatidia, thus ought to have an advan-

tage when it comes to exploiting dimmer environments. The

ability to distinguish minor differences in contrast fits well

with the observation by Taylor and Carefoot (1990) that

bigger specimens of L. exotica will swim longer (25 s versus

16 s) and faster than smaller ones. Thus, larger L. exotica

individuals can detect (and attain) a goal from a greater

distance (as far as 3 m according to Taylor and Carefoot,

1990) than can smaller ones with less sensitive eyes.

The inability to see a rock or a cliff in the distance could

actually be an advantage for a smaller individual because its

swimming speed and endurance would be insufficient to

allow it to reach such a far-off goal. A similar situation is

seen in the intertidal halfcrab Petrolisthes elongatus, a spe-

cies whose postembryonic eye-growth patterns resemble

those in L. exotica (Meyer-Rochow et ai, 1990). When
crabs of this species are robbed of their shelters, they

immediately look for a new shelter. Larger individuals

preferentially crawl towards boulders at greater distances,

whereas smaller individuals seek out nearby ones, even if

the sizes of the near and far boulders subtend the same

degree of arc within the visual field of the crabs (Meyer-

Rochow and Meha, 1994). Because the smaller crabs tire

faster and are slower, an ability to visually perceive attractive

boulders in the far distance (distance perception in the ant

Mynnecia nigriceps was found to be 80 cm: Eriksson, 1985)

would be wasted on them and, in fact, could leave them

exposed to predators for dangerously long periods if they

attempted to reach the distant target.

On the other hand, prolonged exposures to bright lights

are generally much better tolerated by arthropods with

smaller and strongly curved eyes (Kelber, 2000). Compared
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with the larger eyes of fully grown individuals, the smaller

eyes and narrower ommatidia in small L. exotica admit

considerably less light to the photoreceptive membranes,

thus reducing the risk of light-induced photoreceptor dam-

age (Meyer-Rochow, 1994; Meyer-Rochow ct ai, 2002).

By requiring more (or brighter) light than large specimens
to see. small individuals are predisposed to exploit the

daytime hours. Although larger adults are also active during

that part of the day. they are more cautious and more

inclined to hide than the youngsters. At night the situation is

reversed: the largest individuals with the most sensitive eyes

are out and active, presumably relying on their improved
vision to detect disturbances and the approach of danger
even in semidarkness.

L exotica is not the only peracarid crustacean that be-

haves in this way. The aquatic isopod Idoteu haltica shows

a growing preference with age for a dark background and

night feeding (Merilaita and Jormalainen. 2000). Similarly,

small juvenile shore talitrids are active under bright con-

ditions but become increasingly dark-active as they age

and grow (Riippell, 1967). Even in the terrestrial isopod

Scyplui.\ tinnitus, it is the adults that make lengthy foraging

excursions at night (Quilter and Lewis. 1989). One might

argue that it is not vision but humidity that governs activity

periods and the place on the beach where shore crustaceans

assemble. If. however, that were the case in L. exotica and

the talitrids. cited above, smaller individuals in greater

danger of desiccation than larger ones should come out

predominantly at night, while bigger individuals should be

more active during the day. Clearly, the need for moisture

alone cannot explain the size-related exposure differences: a

link with the anatomical organization of the eye and its func-

tional limitations seems a considerably stronger explanation.
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Abstract. Three species of mangrove oysters. Crass-

ostrea rhizophorae, C. hrasiliana. and C. gasar. have been

described along the Atlantic shores of South America and

Africa. Because the distribution of these molluscs is of great

biological and commercial interest, their taxonomy and

distribution deserve further clarification. Therefore. 15 popu-

lations were sampled from both continents. Their 16S mito-

chondria! polymorphism was studied by sequencing and

PCR-RFLP analysis. Two haplotypes were identified. Hap-

lotype a was the only one observed in Africa, but it was also

observed in South America together with haplotype b. Be-

cause C. gitsar is the only mangrove oyster identified on the

west coast of Africa, haplotype a was attributed to this

species, which has thus been shown to occur in South

America. Haplotype b is attributed to C. rhizophorae. The

karyotypes of specimens of C. gasar. from Africa and from

South America, were very similar, and both species were

observed at the same location in Brazil. The occurrence of

C. gasiir in South America adds a third species in addition

to C. rhizophorae and C. hrasiliana to the list of species

present along these coasts. The predominant surface circu-

lation patterns in this part of the Atlantic Ocean favor the

hypothesis that C. gasar was transported from Africa to

America. Finally, a phylogenetic tree built with seven 16S
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sequences from Crassostrea and Saccostreu species showed

that C. gcisar is intermediate between the American Cras-

sostrea species (C. virginica and C. rhizophorae) and the

Asian species (C. gigas and C. ariakensis).

Introduction

Mangrove ecosystems are widely distributed; they cover

100.000-200,000 knr of the world's tropical estuarine

zones where sea and rivers mix (Blasco et ai. 1998). The

mangrove trees characterize these ecosystems and constitute

a natural habitat for mangrove oysters; the aerial prop roots

of the trees provide the oyster larvae with a convenient

place to settle in the intertidal zone. Because mangrove

oysters live naturally on mangrove roots, which are called

rhizophores, the latter term was used in the taxonomic name

of a South American mangrove oyster, Crassostrea rhizo-

phorae (Guilding, 1828). In fact, numerous species of man-

grove oysters have been described, all in the genus Crass-

ostrea', but the taxonomic identification is difficult and

uncertain, so their geographical ranges are also often poorly

known.

These problems and uncertainties are well illustrated by

the mangrove oysters of South America and Africa. The

taxonomic status of the oysters growing along the Atlantic

coast of South America has been widely investigated mor-

phologically, ecologically, physiologically, and genetically.

Some authors have regarded the subtidal rocky shore form

of C. rhizophorae (Guilding. 1828) as distinct, mainly be-

cause of its large size (e.g., Nascimento. 1991), and have

applied to it the binomen C. hrasiliana (Lamarck. 1819).

232
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But because size is considered unreliable as a taxonomic

character. C. brasiliana was held by Rios (1994) to be

synonymous with the generally smaller C. rhizophorae.

However, large differences in growth rates and larval mor-

phology have been described between C. r/iizophorae and

C. brasiliana populations, suggesting that they may indeed

be distinct biological species (Absher, 1989). Moreover,

their geographic range appears to be different: C. brasiliana

occurs on the Caribbean coast of South America, whereas

C. rhizophorae is more common and is found from Florida

to Brazil (Littlewood, 1991). Finally, the occurrence of two

distinct species along the South American coasts was

clearly demonstrated recently by an allozyme study (Ignacio

et al.. 2000). C. rhizophorae is now extensively cultivated

throughout the various countries of the Caribbean Sea, as

well as in the West Indies, and is considered to be a

commercially important species (Arakawa, 1990). More-

over, C. rhizophorae is also being produced in New Guinea

(FAO. 1999).

Oysters from the coasts of Africa have been less exten-

sively studied than those from South America (Marozova et

al., 1991 ). Although C. cncculatta (Born) is the only species

described from the eastern coast of Africa (and Madagas-

car), two species names are used for oysters growing along

the western coast: C. gasar (Adanson) and C. nilipa

(Lamarck). C. gasar has been reported in Mauritania

(Gowthorpe. 1993). Senegal and Gambia (Diop. 1993),

Ivory Coast (Egnankou. 1993). Nigeria (Isebor and Et

Awosika, 1993), and Cameroon (Zogning. 1993). Two dif-

ferent names were given in Togo: "Gryphea" or C. gasar

(Akpagana. 1993); and in Congo: Gryphea gasar (Cras-

sostrea tulipa. Lamarck) (Makaya, 1993). The C. tulipa

species name is also mentioned in Liberia (Yoo and Ryu.

1984) and in Sierra Leone (Kamara, 1982). As C. tulipa is

now considered a synonym of C. gasar (Marozova et al.,

1991). we will use this name for samples collected from the

south Atlantic African coast. C. gasar is a commercially

important bivalve in Africa (Nickles. 1950) for example.

in Nigeria (Ajana. 1979) and Senegal (Cormier-Salem,

1987) and its potential for more intensive aquacultural

production has been studied (Cormier-Salem. 1987: Maro-

zova et al.. 1991).

A typical feature of oysters from the genus Crassostrea is

the extreme variability of the shell (Galtsoff, 1964). More-

over, this variability also extends to the soft tissues (Law-

rence, 1995). Therefore, oysters are often difficult to differ-

entiate on the basis of their morphology. Consequently,

other methods, such as karyological and molecular analyses,

must be applied to distinguish the different mangrove oyster

species. A study of seven species of cupped oyster showed

that the karyotype of C. gasar is clearly isolated from two

other groups, one composed of C. gigas, C. angnlata, and C.

sikamea. and the other of C. virginica, C. ariakensis, and

Saccostrea commercialis (Leitao et al., 1999). The karyo-

type of C. rhizophorae has also been previously reported in

specimens from Mexico (Rodriguez-Romero et al.. 1979;

Ladron de Guevara et al., 1996) and from Venezuela (Mar-

quez, 1992). and it appears to be different from those of the

species described by Leitao et al. ( 1999).

Molecular methods can usefully complement morphologi-

cal and karyological studies in determining the status of

oyster taxa. For example, such methods have already been

used to infer the phylogenetic relationships among species

of cupped oysters (Littlewood, 1994). to discriminate be-

tween closely related Asian Crassostrea species (Banks et

al.. 1993; Hedgecock et al.. 1999). to better understand

the close relationship between C. gigas and C. angnlaia

(Boudry et al., 1998: O'Foighil et al., 1998), and to distin-

guish among sympatric species of the rock oyster Sac-

costrea in Thailand (Day et al.. 2000). However, little

molecular taxonomy has been done on mangrove oysters: a

few genetic studies (allozyme data) have been carried out on

C. rhi-ophorae (Hedgecock and Okazaki. 1984; Ignacio et

al., 2000). but nothing has been published previously about

C. gasar.

In this study, the methods of molecular biology and

karyology were used to ascertain the taxonomic status of the

mangrove species present along the shores of the south

Atlantic, and to determine the phylogenetic position of the

African species in the Crassostrea clade. To these ends, we

studied African mangrove oyster samples, described as C.

gasar or C. rhizophorae (W.B. Dambo, Rivers State Uni-

versity of Science and Technology. Nigeria, pers. comm.),

and American mangrove oysters, presumed to be C. rhizo-

phorae or C. brasiliana. In particular, we analyzed the 16S

mitochondria! fragment that had already been studied in

other species of the genus Crassostrea by O'Foighil et al.

(1995), and also in Saccostrea (K.K.Y. Lam and B. Morton,

Swire Institute of Marine Science, The University of Hong

Kong. China, unpubl. data) and Ostrea (Jozefowicz and

O'Foighil, 1998). With these data, we could analyze the

genetic relationship between C. gasar and the other species.

We also examined the karyotype of the presumed C. rhizo-

phorae samples from French Guiana and compared them

with the karyotype of C. gasar from Senegal.

Materials and Methods

Sampling

Ethanol-fixed samples or live mangrove oysters were

obtained from wild populations of south Atlantic coasts (see

Fig. 1 for locations). Putative C. rhizophorae were collected

along the Atlantic coast of South America: from Martinique

in 1997 (MAS). French Guiana in 1997 (SIN), and Brazil.

From this last location, two samplings were made, the first

in 1997 (PAR1) on two islands (Ilha Rosa and Ilha das

Gambas) inside Paranagua Bay. and the second sampling in

1998 at the harbor of Guaraquecaba on the border of the
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Figure 1. Population collection sites and their ta\ononne status based on IftS gene analysis. The arrows

indicate the predominant surface circulation patterns in this part of the Atlantic Ocean. See legend of Table 1

for details on the three PAR samples.

same bay. In this second sample, two groups (PAR2 and

PAR3) were selected on the basis of their size: PAR2

specimens described as "fast growers," and PAR3 speci-

mens described as "slow growers." Two other samples from

Brazil were collected in 1999: in the Cananeia Bay (CAN).

and near Salvador do Bahia (BAH). Putative C. guxcir

samples were provided in 1999 from locations along the

Senegalese coasts (ZIG. NOB. PIC. ALM. SOM, MBO,
FAD), and specimens were taken from the Niger estuary

(DAM), described as C. rhizophorae in Nigeria in 2000.

Generally, the samples were collected on either mangrove
roots or rocks; but in the Paraguana Bay. they were all

sampled on rocks, and in French Guiana on mangrove roots.

Table 1 summarizes the characteristics of these samples.

Two animals from each of the populations SIN and NOB
were chosen for karyological analysis, as they were initially

thought to represent C. rhizophorae and C. XCIMII- respec-

tively.

Mitochondrial DNA </H<;/V.SJ'.S

DNA extraction of gill fragments was performed either

by a Chelex-based method, as described in Estoup ct til.

( 1996), or by a phenol/chloroform method, as described by

Moore (1993). We amplified the 16S mitochondria! frag-

ment ( 16SrDNA: the large subunit rRNA-coding gene) with

primers described by Banks ft ul. ( 1993), according to the

protocol detailed in Boudry et til. (1998).

A first set of samples (two individuals from each of nine

populations, as indicated in Table 1 ) was studied by se-

quencing the mitochondria! 16S fragment. The PCR prod-

ucts were then purified with a high pure PCR product

purification kit (Boehringer-Mannheim. Germany), and

manually sequenced with an oligonucleotide tailing kit

(Boehringer-Mannheim. Germany) and y33P radiolabeled

deoxynucleotide triphosphate (dNTP). The sequencing re-

action, consisting of 35 cycles (30 s, 95C, denaturating:

30 s, 55C, annealing: 1 min, 72C, elongation), was per-

formed according to the manufacturer's instructions.

The samples sequences together with some sequences

already obtained for C. virginica, C. gigas, C. ariukensis

(O' Foighil ft til.. 1995), S. commercialis and S. monlax

(K.K.Y. Lam and B. Morton, Swire Institute of Marine

Science, The University of Hong Kong, China, unpubl.

data, accession numbers AF353099 AF353100). and O.

fdiili\ (Jozefowicz and O'Foighil. 1998) were aligned

with the software CLUSTALW (Thompson et <//., 1994).

Parsimony analysis was implemented with PHYLIP

(Felsenstein, 1989) using the program DNAPARS. Boot-
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Table 1

Characteristics of the populations of Crassostrea swiipli-il

Population name
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Table 2

Painrise sequence divergences, according to Kimura's nvo-parameter model (Kinntni, IVSOt. among the seven species studied

for the 480 nuc/eotide mt 16S rDNA fragment

Species* 1

1.

2.



10 20 30 40 50 60

I I I I

Sequence A
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C virginicu

Sequence B

Sequence A

(2)

100

100

100

C. gigas

C ariakensis

S. mordax

100

S. commercialis

(3)

Figure 3. A phylogenetic tree based on a parsimony analysis of 480

nucleotide sequences of the 16S gene according to Kimura's model

(Kimura. 1980). Numbers on the branches indicate bootstrap values. Four

groups of species were identified ( 1,2.3. and 4).

although almost all of the South American samples were first

identified as C. rluznphoi-tie. the 16S sequence and RFLP

analyses confirm the presence of at least two mangrove

oyster species (haplotypes a and b. corresponding to se-

quences A and B ). That these two types can he considered

as two different species is supported by the nucleotide

divergence (11%) between them, which is large when com-

pared with the divergence calculated between C. gi^ti.^ and

C. ariakensis on the same fragment (5%). On the basis of

our results from the African samples, we propose that hap-

lotype a and sequence A from along American coasts are

attributable to the identified African species C. xtisur. The

other species present along the American coasts (sequence

B and its corresponding PCR-RFLP haplotype b) can be

referred to as C. rhizophorae with more confidence. Hence,

its close relationship with C. vir^inica (3.5% divergence) is

strong evidence of its taxonomic status. The karyological

observations support this species distribution. The karyo-

type of the French Guiana samples (presumed to be C.

I'hizophoruc) showed six metacentric and four submetacen-

tric-subtelocentric pairs. This picture is clearly different

from the karyotypes previously described for C. rluzop/in-

rtic: that is. rive metacentric and five submetacentric pairs

(Rodriguez-Romero ct ai, 1979; Ladron de Guevara et til.,

1996) or eight metacentric and two submetacentric chromo-

somes (Marquez. 1992). However, when the French Guiana

samples are compared with the African C. gasur samples,

both karyotypes are very similar in the number and position

of the metacentric and submetacentric pairs and the location

of silver-stained NORs. The very slight differences in the

centromere position of submetacentric-subtelocentric pairs

in our American sample should not be taken as an interspe-

cific chromosomal character, because karyotypes of cupped

oysters differ in such characteristics (Leitao el til., 1999).

Therefore, on the basis of our karyological observations,

individuals from the French Guiana and Senegal samples

are likely to be the same species, as was revealed by
molecular analysis.

That populations separated by the Atlantic Ocean and

supposedly members of distinct species are now revealed

as being in the same species calls into question the actual

number of species that occur on the eastern coast of South

America. Recently. Ignacio ft til. (2000) demonstrated, on

the basis of allozyme data, that two distinct biological

species. C. hnixiliimii and C. rliizup/ioruc. occur along the

coast of Brazil. To this short list, our study now adds C.

I'ti.'iiir. which was found at three locations along the Atlantic-

coast of South America, one in French Guiana, and two in

Brazil, in two bays 70 km apart. Now we must ask whether

C. hni\ilinihi and C. gtisur are the same species. Unfortu-

nately, a direct comparison between the C. hrasiliana and C.

t>tistir specimens could not be performed, but the question

might be answered if we were to consider the interesting

ecological preferences characterized by Ignacio et til.

(2000). His specimens of C. rhizophorne oysters were small

and attached in the intertidal zone, either to mangrove

(Rhizophtirtie lunn^li') roots, or to rocks in the intertidal

zone. Conversely. C. brasiliana oysters were larger and

attached to rocks in the subtidal /one. In comparison. C.

rhizophorae typically settles on the mangrove roots, but

occasionally also on rocks (Nascimento ct ai. 1991: Rios.

1994). Finally, in Nigeria (Africa), C. v.asar favors the

subtidal /one. although it can, in the dry season, occur

a little above the level of low tide (Ajaiia. 1980).

These preferences do not resolve species relationships, and

in our South American study, we could not correlate either

the size of the oysters or their habitat with their taxonomic

status.

Our genetic study, based on the mitochondria! and nu-

clear genomes, clearly demonstrates that a common man-

grove species is present in South America and Africa. But

did this species originate in South America or Africa? And

when, and by what means, did the dispersal occur? The

identical mtDNA sequences of American and African C.

Xti.stir oysters show that these two population groups have a
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Tabli- 3

Chromosome measni't'inents Jerivctl liotn 10 cells of each sample

Chroni. pair no Mean RL Conf. L. RL max RL min Mean Cl Conf. L. CI max Cl min Type*

NOB sample: putative Crassostrea gasar
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Figure 4. (A) Giemsa-stained karyotype of African G-tmc.^/n/ Kisnr, (B) Giemsa-stained karyotype of

putative C rhi;t>pliorae from French Guiana. (C) NOR-stained karyotype of African C. i>asar. (D) NOR-stained

karyotype of putative C. rlii;n/>lioriit' from French Guiana. Scale bar = 5 /j.m.

persal by rafting was the most likely explanation for trans-

pacific range extension by the flat oyster Ostrea chilensis

from New Zealand to Chile (O'Foighil el ai, 1999). The

predominant surface circulation patterns in this part of the

Atlantic Ocean (Fig. 1) favor the hypothesis that C. gasar
was transported from Africa to America, as also hypothe-

sized by Lessios el al. (1999) to explain the close genetic

similarity of specimens of Eucidaris tribuloicles from the

Caribbean Sea and Brazil to those from the Gulf of Guinea.

Focusing on the Paraguana Bay (Brazil) where two spe-

cies were found, PAR1 exhibited the C. gasur haplotype,

but PAR2 and PAR3, both located in the same bay about 30

km away, exhibited the C. rhizophontc haplotype. One can

ask whether these species are completely or incompletely

reproductively isolated, and whether they have different

habitats. A more intensive survey could provide an answer

by revealing whether individuals from these species inhabit

the same site, and whether hybrids occur in the wild. Based

on the rRNA large subunit DNA sequences, and those

known between other species in the genus (see Table 2), the

genetic distance between C. gasar and C. rliizophorae is

sufficiently large (88.7% similarity) that they are unlikely to

produce viable hybrids. Indeed, the genetic distance be-

tween C. giitiM and C. virginicti. two species for which

viable hybrids could not be obtained (Allen et til., 1993), is

of similar value (84.5% similarity).
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Introduction

DIANA E. J. BLAZIS

The Center for Advanced Studies in the Space Life Sciences, Marine Biological Laboratory,

Woods Hole, Massachusetts 02543

This workshop, entitled "The Limitations of Self-Organiza-

tion in Biological Systems." was sponsored by the Center for

Advanced Studies in the Space Life Sciences, at the Marine

Biological Laboratory. The focus of the workshop was on

self-organization, which is defined as "a process [through |

which pattern at the global level of a system emerges solely

from numerous, [local] interactions among lower level com-

ponents of the system" (Camazine el al., 2001). This broad

definition, which has its roots in physics, drove the workshop's

examination of the concept, its utility, its limitations as a

principle for understanding patterns that appeal' in biological

systems during such activities as schooling in fish, foraging in

bees, and nest-building in termites.

Scott Camazine (Pennsylvania State University), chair of

the workshop, collaborated with other workshop partici-

pants in posing a series of questions intended to frame the

discussion. I describe some of the questions below and point

to the papers in this volume that address them.

What is self-organization'.' When is self-organization used?

During the workshop, substantial discussion focused on

the definition of self-organization and when it operates.

Anderson (this volume) presents a theoretical exploration of

self-organization and related concepts. Key characteristics

of self-organization include positive and negative feedback

loops, multiple interactions, stochasticity and randomness.

These processes lead to so-called "emergent behaviors,"

multistability, and robustness. Many in the group, such as

Cole (this volume) observed that self-organization occurs

widely among biological systems, and at many levels.

Systems that generate these characteristics of self-orga-

nization include Turing patterns, postulated in 1952 by Alan

Turing in the context of physical and chemical systems.

Stationary patterns arise via reaction-diffusion mechanisms,

e.g., when mixtures of chemicals react with one another

while drifting at different rates through a medium. Reaction-

diffusion systems were considered throughout the workshop

as mechanisms that can account for pattern formation in

inorganic systems (such as the Belousov-Zhabotinsky reac-

tion) and organic systems (zebra stripes, termite nests, and

more). As Theraulaz et al. discussed at the workshop and

demonstrated recently (Theraulaz et al.. 2002), a theoretical

model constructed using assumptions based on reaction-

diffusion mechanisms can account for a well-defined behav-

ior in social insects: the formation of cemeteries by ants.

Seeley (this volume) suggests that particular circumstances

favor the self-organized system. Specifically, a biological sys-

tem composed of a large number of subunits that lack the

mechanisms of communication and computation required for

centralized control is likely to be self-organized, regardless of

the complexity of the individual subunits.

One theme of workshop discussion concerned the inter-

action between self-organization and individual behaviors.

Deneubourg et al. ( 1999) have argued that self-organization

and individual complexity need not be mutually exclusive.

Levels of organization can interact. Roces (this volume)

discusses collective foraging in leaf-cutting ants. These ants

cut vegetation into small fragments that constitute the pre-

cursor for the colony's food: the fragments are processed by

symbiotic fungi in the nest's fungus garden. When desirable

food sources are discovered by individual ants, they are

harvested and cut into especially small pieces, which causes

intense recruitment of additional ants to harvesting activity.

Thus a greater number of ants carry smaller loads, which are

returned more rapidly to the nest, stimulating even further

recruitment and, eventually, maximal harvesting.

What are the perturbations (e.g.. environmental or

internal stressors, growth or damage during development)

that potentially affect self-organization'.' How do

biological svstems take advantage of and compensate for

these perturbations '.'

Social organisms took front stage as the group grappled

with this set of questions. Ants again are heuristic model

245
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organisms. For example. Detrain ct ul. (this volume) use ant

societies to examine the effects of environmental factors on

collective patterns; they suggest that changes in the envi-

ronment can generate diverse foraging patterns. Jeanne and

Bouwma (this volume) show that an internal stressor the

size of the group affects nest-building in social wasps.

They demonstrate that the morphology of the nest varies

quantitatively and qualitatively with nest size and propose
that this relationship arises as a consequence of self-orga-

nizing processes. Deneubourg ft ul. (this volume) show that

multiple patterns of aggregation in social insects can emerge
from changes in a single parameter: in their example, resting

time. Self-organization also appears to be important in de-

termining herd size in large mammalian herbivores, such as

roe deer or kangaroo; the process of herd formation is

described both theoretically and with field observations by
Gerard ct ul. (this volume).

Does self-organization internet with evolution to produce
behavioral complexity?

The consensus of the group was that natural selection and

self-organization are complementary mechanisms. Cole

(this volume) argues that biological self-organized systems
are expressions of the hierarchical character of biological

systems and are, therefore, both the products of, and subject

to. natural selection. However, some self-organized pat-

terns, for example, the wave fronts of migrating herds, are

not affected by natural selection because, he suggests, there

is no obvious genetic connection between the global behav-

ior (the wave front) and the actions of individual animals.

Hemelrijk (this volume) also explores the interaction of

natural selection with self-organized systems. Using simu-

lations that combine representations of individual selection,

self-organization, and group selection, Hemelrijk docu-

ments the evolution of despotic societies from egalitarian

ones. She supports these theoretical results with examples
from insect and non-human primate societies.

Teasing apart the roles of evolution, self-organization,

and individual behavior in biological pattern formation is a

task that requires a common framework, as demonstrated by
Parrish and colleagues (this volume). An important question

emerging is whether spatial patterns are biologically signif-

icant or are epiphenoma (a theme also echoed by Cole [this

volume]).

Throughout the workshop, participants warned against

naive attempts to emulate the activity of natural systems in

the generation of spatial and temporal patterns. Self-orga-

nized systems can be remarkably inefficient; those emulat-

ing such systems may need to turn to central controllers to

improve performance. Moreover, as participant Carl Ander-

son noted, self-organized systems can respond nonadap-

tively to environmental conditions, as for example, when
ants develop group circling behaviors instead of effective

foraging patterns. Throughout, participants such as Walter

Tschinkel and Tom Seeley cautioned against overreliance

on the notion that subunits or individual social insects are

necessarily "simple." Tschinkel noted that it is important to

"identify the behaviors, interactions, signals and cues" that

the subunits actually use. Moreover, different mechanisms

can give rise to the same phenotype or pattern. Thus the

predictive power of a mechanism or mechanisms must be

used to develop testable hypotheses about the function of

complex systems.

The Center for Advanced Studies in the Space Life Sciences

(CASSLS) mis established in I9V5 through a cooperative

agreement between the Marine Biological Laboratory and the

Life Sciences Division of the National Aeronautics and Space
Administration. The Center acts as an interface between

NASA and the basic science community, promoting interac-

tions and discussion in areas that are of mutual interest.
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Self-Organization in Relation to Several

Similar Concepts: Are the Boundaries

to Self-Organization Indistinct?

CARL ANDERSON*

LS Biologic 1, Univerxitiit Regensburg. Universitiitsstrasse 31, D-93040 Ret>ensburf>, Germany

Abstract. Self-organization is a concept and phenomenon

whereby system-level patterns spontaneously arise solely

from interactions among subunits of the system. Focusing

on self-organization at the organismal level, I ask the ques-

tion: are the boundaries to self-organization indistinct? Af-

ter reviewing a number of published definitions of self-

organization, I explore the conceptual boundaries among

self-organization and two similar concepts, stigmergy and

self-assembly. I highlight borderline cases that may blur the

distinction among these and suggest that they may indeed be

conceptually indistinct and difficult to separate in practice.

Consequently, I propose a classification scheme based upon

three aspects: whether the stimuli to which individuals

respond are quantitative or qualitative, whether positive

feedback is involved, and whether interindividual interac-

tions are direct or indirect (stigmergic). In addition, I con-

sider several other issues about self-organization, including

( 1 ) could a self-organized system use global information?

(2) what is the role of the degree of correlation of activity

among individuals? and (3) what is the role of positive

feedback?

Introduction

Ernst Mayr, that grand old father of evolutionary biology,

claims that "classifications are necessary wherever one has

* Present address: School of Industrial and Systems Engineering. Geor-

gia Institute of Technology. Atlanta, GA 30332-0205.

This paper was originally presented at a workshop titled The Liniti\ in

Self-Organization in Biological Svstems. The workshop, which was held at

the J. Erik Jonsson Center of the National Academy of Sciences, Woods

Hole, Massachusetts, from 11-13 May 2001, was sponsored by the Center

for Advanced Studies in the Space Life Sciences at the Marine Biological

Laboratory, and funded by the National Aeronautics and Space Adminis-

tration under Cooperative Agreement NCC 2-896.

to deal with diversity" (Mayr, 1982: p. 147). In this essay,

I consider the diversity around the concept of self-organi-

zation a phenomenon in which system-level patterns

spontaneously arise solely from interactions among subunits

of the system and ask the question, are the boundaries to

self-organization indistinct? In particular, I focus on the

conceptual boundaries among self-organization and two

similar concepts, stigmergy and self-assembly. In an ideal,

perfectly ordered world, we would possess strict definitions

and criteria by which different examples could be catego-

rized unambiguously this would, for example, provide a

rigorous and objective way of identifying the same phenom-

ena and emergent properties occurring in very different

systems, such as a purely physical system and a biological

one. However, as I discuss, and illustrate with deliberately

chosen borderline cases, this does not seem possible with

self-organization. Instead, I attempt a classification scheme

to deal with this diversity based upon three aspects of the

systems: whether the stimuli to which individuals respond

are quantitative or qualitative; whether or not positive feed-

back is involved; and whether interindividual interactions

are direct or indirect.

This does not solve the issue, but does serve to highlight

the diversity of combinations of key properties that give rise

to self-organized behavior in such systems. I also take this

opportunity to discuss a few other related issues about

self-organization: could a self-organized system use global

information? what is the role of the degree of correlation of

activity among individuals? and what is the role of positive

feedback?

In this essay, I concentrate on self-organization at the

organismal level, that is, in systems of (eu)social and gre-

garious animals. I do this not because I view their self-

organization as fundamentally different from self-organiza-

tion in purely physical and chemical systems (such as sand

247
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Table I

Various definitions of self-organization (arranged chronologically)

Self-organization is considered to be

1. indicative of a machine that is "determinate and yet able to undergo spontaneous changes of internal organisation" (Ashby, 1947: p. 125)

2. "a set of dynamical mechanisms whereby structures appear at the global level of a system from interactions among its lower level components"

(Nicolis and Prigogine. 1977, cited in Bonabeau et <//., 1997)

3. "associated with the spontaneous emergence of long-range spatial and/or temporal coherence among the variables of the (organized) system"

(Nicolis. 1986: p. 7)

4. "the spontaneous emergence of coherence or structure without externally applied coercion or control" (Ho and Saunders, 19X6: p. 233)

5. "a system is self-organizing if it acquires a spatial, temporal or functional structure without specific interference from the outside. By 'specific' we

mean that the structure or functioning is not impressed on the system, but that the system is acted upon from the outside in a nonspecific fashion"

(Haken, 1988: p. 1 I )

6. "the ability of systems comprising many units and subject to constraints, to organize themselves in various spatial, temporal or spatiotemporal

activities. These emerging properties are pertinent to the system as a whole and cannot be seen in units which comprise the system" (Babloyantz.

1991: p. ix)

7. "the creation of macroscopical patterns by the action of forces distributed in a much more homogeneous way than the structures that arise. Hence,

this kind of transformation implies a spontaneous breaking of symmetry" (Beloussov. 1993)

8. "the spontaneous emergence of nonequilibrium structural organization on a macroscopic level due to collective interactions between a large

number of simple, usually microscopic, objects" (Coveney and Highfield, 1995: p. 432)

9. "a process where the organization (constraint, redundancy) of a system spontaneously increases, i.e. without this increase being controlled by the

environment or an encompassing or otherwise external system" (Heylighen, 1997)

10. "a process in which pattern at the global level of a system emerges solely from numerous interactions among the lower-level components of the

system. Moreover, the rules specifying interactions among the system's components are executed using only local information, without reference

to the global pattern" (Camazine et al.. 2001: p. 8)

dunes and the Beloussov-Zhabotinsky reaction) although

animals do have the added potential to vary the individual-

level rules they employ, and thus may represent another

level of complexity of individual-level behavior and collec-

tive-level patterns but because study of organismal self-

organization is relatively new and lags behind the decades

of progress made in these other fields. Before we proceed

with the above issues, it is crucial to consider the question

of what precisely is self-organization.

What Is Self-Organization?

Consider the collective movement of a school offish. The

school snakes through the water like a single entity, turning

in unison, waves of activity flashing across the shoal. This

group-level behavior is not encoded within each individual,

nor is there a leader or small group of individuals directing

the movement of the school. It is a process whereby indi-

vidual fish react to movements of their immediate neigh-

bors, and. as a result of such local interactions, the group-

level pattern of activity emerges spontaneously (Reynolds,

1987; Huth and Wissel, 1992; Camazine et al.. 2001; Par-

rish et al., 2002) in short, the school is self-organized.

Self-organization, or at least use of the term self-organiz-

ing system, dates back to at least 1947 (Ashby, 1947).

However, the general concept stems much further back in

history, at least since Aristotle's Metaphysica. It is perhaps

surprising then that rigorous study of self-organization has

its roots in physics and chemistry (but often inspired by

biological systems), yet only relatively recently have biol-

ogists taken up the challenge to understand biological self-

organization, at least at the organismal level (Bonabeau et

ai, 1997, 1999; Camazine et al.. 2001; Anderson. 2002).

What precisely, however, is self-organization, and do we

have an adequate definition of it? Table 1 lists 10 definitions

of self-organization from the literature (mostly from phys-

ics). Summarizing across all these definitions, what picture

emerges? A key aspect is the creation of a macroscopic,

group-level "pattern." Such a pattern may consist of a

spatio-temporal physical structure or behavior. And this

pattern is "emergent" (another term difficult to define sat-

isfactorily); that is, it cannot be deduced from even a full

knowledge of the lower-level components and the nature of

the interactions among them the stock phrase is that "the

whole is more than the sum of its parts" (Aristotle, Meta-

physica. 10f-1045a). This emergence implies that there is

some nonadditive, nonlinear interaction involved, and

thereby implicates the role of positive feedback (but see

later). What is crucial too is that there are multiple lower-

level components and hence multiple interactions, or pos-

sibly even a single individual but many repeated interac-

tions (phase transitions often occur such that the emergent

patterns arise only above a certain critical number or density

of interactions or components). Also, Table 1 shows that the

authors of the definitions consider that the group-level prop-

erties must arise solely from within the system, not gener-

ated from interference or other external guiding forces, such
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as templates (Camazine et al.. 2001; Anderson. 2002). This

is not to say, however, that the environment has no role to

play. Self-organized systems often exhibit what is termed

multistability. so that the system may sometimes switch

between different semi-stable patterns, but without any

changes in the lower-level behavioral characteristics (Unsal,

1993). Importantly, the system may switch because of in-

trinsic factors, such as random fluctuations within the sys-

tem, or extrinsic factors, such as small changes in the

environment with which the system interacts (Deneubourg
et al. 1989; Camazine et al. 2001).

To sum up. self-organization supposedly contains a num-

ber of "key ingredients": ( 1 ) positive feedback as one of the

forces driving change in the system (usually nonstabilizing

change, that is, change in the same direction as a perturba-

tion; see later): (2) negative feedback as a stabilizing force

(that is, driving change in the opposing direction to a

perturbation); (3) stochasticity and randomness generating

diversity upon which the feedback works, and (4) multiple

interactions (Bonabeau et al., 1997, 1999; Camazine et al.,

2001).

The "characteristics" or signatures of self-organization

include, but are not restricted to. ( 1 ) creation of emergent

group-level spatiotemporal structures or behaviors, and (2)

multistability and symmetry breaking, such that even only

small changes in individual behavior can lead to large

changes in collective behavior (even multistationarity). and

small changes in the environment, without changes in indi-

vidual behavior, can lead to different collective states (Un-

sal. 1993; Bonabeau et al., 1997; Camazine et ai, 2001 ).

If I have labored the above points, it is because a com-

parison between self-organization and similar mechanisms

requires an understanding of what self-organization is per-

ceived to be even if we lack a satisfactory all-encompassing

definition. As background for the comparison, two points

should be considered.

Could it self-organized system use global information'.'

Could a self-organized system in fact use some global

information? The following example, albeit simple and de-

batable, is instructive (I must acknowledge J. L. Deneu-

bourg for his insights and discussion of this example).

Bumblebees. Bombits spp.. actively regulate the climate in

their nests. When nest air temperature becomes too high,

bees fan their wings to draw in and circulate fresh air,

thereby cooling the nest (O'Donnell and Foster, 2001; Wei-

denmuller, 2001; Weidenmuller et al., 2002). If the temper-

ature becomes too low, they may commence brood incuba-

tion, releasing heat from their shivering muscles. At certain

temperatures the two behaviors may co-occur (Vogt, 1986;

O'Donnell and Foster, 2001 ).

Each bee appears to have her own temperature threshold,

and when the temperature exceeds that threshold she may or

may not start to fan (Weidenmiiller. 2001: C. Anderson et

al.. impubl. ms.). Thus, in this sense, bees make individual

decisions on the basis of the air temperature around them,

and hence the decision is local. However, the air is reason-

ably homogeneously mixed, and so in another sense is the

equivalent of a global signal, the same temperature experi-

enced by all the bees. I would argue that the dynamics of

nest air temperature is the global pattern, determined by
which bees and how many are fanning or incubating over

time. This is, of course, a simple temporal pattern. (There is

a strong analogy here with the Beloussov-Zhabotinsky re-

action \e.g., Goodwin, 1994; Ball, 1999]; if the reactants for

this autocatalytic process are left to develop in a petri dish,

wonderful spiral and circular patterns arise. However, if

homogeneously mixed, the solution oscillates between red

and blue. The mixing of air would seem to be constraining

the complexity of the temperature dynamics in a similar

manner. Might it generally be true that the degree of "lo-

cality" of interactions somehow determines the spatial scale

of a self-organized pattern more local meaning a finer

pattern in the same way that diffusion rate has such a

crucial role in other pattern formation processes, such as

reaction-diffusion?)

The temperature profile is generated by the action of

individuals interacting with each other indirectly through

the medium of the air. Moreover, the air acts as a sort of

filter, screening off the individual level to produce only the

net effect of all individuals fanning and incubating. Overall,

I would argue that this is a system with local decisions: bees

do not need to know what every other bee is doing and they

do not interact directly, but they do affect others indirectly

by their actions upon the stimulus. Because bees' decisions

to fan are probabilistic, we cannot deduce the precise dy-

namics from knowledge of a bee's proximate rule. To my
mind, this could be considered an example of quantitative

stigmergy (see below) with a homogeneously mixed stim-

ulus and without positive feedback.

What is the role of the degree of correlation of activity

among individuals?

I suggest merely as a working hypothesis that could be

tested that there must be a critical window of correlation

of activity among individuals in order for self-organization

to occur. That is, above some upper threshold and below

some lower threshold, self-organization breaks down, and

the emergent properties no longer exist.

By correlation of activity I mean a combination of the

strength and likelihood that the behavior, location, move-

ment, etc.. of individual A affects and so causes a similar

change in those properties of individual B. This is best

illustrated by a simple example. Imagine a reasonably po-

larized school of fish. Each fish reacts to some predator or

to the movements of a few of its nearest neighbors. Fish
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react solely in terms of a change of heading, either in

order to swim away from a predator or to avoid crashing

into neighbors. Finally, consider a parameter
<

/
<

1,

which determines the degree of correlation of activity

among individuals: if fish / moves, Prob(/"s neighbors

move) = r. (The parallel with a product moment corre-

lation coefficient should thus be clear.) Thus, if / is high,

movement of one individual causes a change in most

or all of its neighbors, and if / is very low, the movements

of fish A cause little or no change in the school. I hypoth-

esize that there are two thresholds, r,
and r

u (where
<

r,
<

/
u
s 1 ). that define the range within which self-organization

exists.

My reasoning is thus: suppose that /
=

1 (as if each fish

were connected to its neighbors by a rigid rod). Any fish that

turns causes a change in its neighbors, and therefore their

neighbors, and so on across the school. A group-level pat-

tern, polarity (or more precisely, the exact initial configu-

ration), is maintained as the school moves. However, the

pattern is not self-organized; the behavior is not emergent,

it is simply additive tell me how fish A will turn and I can

predict precisely the behavior of non-neighbor fish Z.

(There is of course the problem that different fish for

example, those trying to flee predators coming from differ-

ent directions could conflict with each other.) Such a

rigidly constrained system would not have sufficient "slack"

to allow group-level adaptive behavior, such as the fountain

effect, hourglass, or other anti-predator strategies that are

observed in real fish schools (Partridge, 1982; Camazine el

til., 2001 ). Consider the other extreme, r = 0: each fish has

no effect upon its neighbors, and no spatiotemporal struc-

ture could exist. Overall, it is tempting to consider 1
- r as

similar to A. Langton's (1986) parameter associated with

behavioral complexity in dynamic systems and in particular

"the edge of chaos." This is the region at which these

systems act as complex adaptive systems (Lewin, 1993;

Bonabeau, 1998), and therefore are more likely to be se-

lected for.

The above example is highly simplified: in particular,

the crucial region of parameter space is likely to be a

function of a number of other factors too. For instance, is

there also a crucial range of the number of neighbors each

individual interacts with? (An alternative way to express

this is to ask whether there is a crucial range of "aver-

age system connectedness," xeiixu Moritz and Southwick

[1992|.) For example, Huth and Wissel's ( 1992) simulation

of fish schools demonstrates that tight, coherent schooling

behavioi requires that each fish interacts with more than two

neighbors. As hinted earlier, the locality of those interac-

tions (i.e.. whether immediate neighbors or individuals far-

ther away in the school) may also play a crucial role.

Finally, the strength of response (and hence feedback) may
have crucial limits. These working hypotheses should be

testable.

Quantitative versus Qualitative Stigmergy

I suggest that the definitions of self-organization (Table

1 ) could encompass two other similar pattern-formation

mechanisms found in biological systems: qualitative stig-

mergy and self-assembly. Stigmergy. a term first coined by

termite researcher Pierre Paul Grasse (1895-1985), is a

"class of mechanisms that mediate animal-animal interac-

tions" through work in progress (Theraulaz and Bonabeau,

1999). The work (for example, a half-built pillar in a termite

mound) acts as a stimulus to respond, that is, do more work

by adding further material to the pillar. Importantly, the

result of this stimulus-response sequence is that it alters the

stimulus for subsequent individuals. (Note that these are

indirect interactions among individuals.) In some cases, the

stimulus varies in a i/iuiniitcitire manner, altering the prob-

ability of eliciting the same response from other individuals

(thus, the bumblebees would qualify here). Termite mound

construction is one such example because workers add

pheromone-containing saliva to the soil pellets they place

on the growing structure. The local pheromone concentra-

tion affects where subsequent individuals will place their

pellets new individuals tend to place their pellets in an

area where there is already a high pheromone concentration

(Deneubourg, 1977). thus creating a positive feedback

(probably absent from the bumblebee case). The response,

to place or not to place a pellet, is always the same, and it

is the intensity of a single stimulus, the pheromone concen-

tration, that determines whether an individual will respond

or not. This mechanism is termed quantitative Stigmergy, is

characterized by positive feedback and phase transitions

(a.k.a. instabilities and mulistationarity; Sole and Goodwin,

2000; Camazine et <//., 2001 ), and is considered to be "an

ingredient of self-organization [that] mediates interactions

among workers" (Camazine el ul.. 2001: p. 58).

The second mechanism, qualitative Stigmergy. is similar

to quantitative Stigmergy in that it involves a series of

stimulus-responses. In this situation, however, the stimuli

differ from each other tfiuilittitively and may elicit different

responses. Qualitative stimuli include the shape of a struc-

ture. A proposed example, nest construction in Polistes

wasps, is shown in Figure I (Bonabeau et til.. 1999; Ther-

aulaz and Bonabeau, 1999; Camazine et ul.. 2001 ). Builders

add new cells to the margin of the nest, and in this particular

case there are 12 places. 12 stimulating configurations

(5,'s). where they can build a new cell. However, there are

different classes of stimuli here that will require a slightly

different building procedure. That is, there are 7 locations

(5,'s) where there is already a single wall present and

individuals must construct 5 new walls to complete a new

hexagonal cell; there are 4 locations (.SYs) with 2 walls

already present, thus requiring 4 new walls. Finally, there is

a single location (S,) with 3 adjacent walls, thus requiring

jusl 3 new walls. It is clear, at least from a human perspec-
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Figure 1. In qualitative stigmergy. an individual responds to qualita-

tively different stimuli, which involve qualitatively different responses.

Thus, to create a new hexagonal cell on the margin of this comb, the

Polistes wasp must respond by adding 5 new walls (at one of the locations

indicated by stimuli, 5,'s), 4 new walls (at the 5,'s) or just 3 walls (at S,).

Qualitative stigmergy is not considered to be a self-organized process.

Figure drawing by Guy Theraulaz, used with permission.

live (Karsai, 1999), that different stimuli (S,) elicit qualita-

tively different responses (/?,) from the builders. Qualitative

stigmergy (reviewed in Bonabeau et al., 1999; Camazine et

al., 2001), although similar in many ways to quantitative

stigmergy, is not characterized by positive feedback and is

not considered an ingredient of self-organization (Camazine

et at., 2001).

Although these two mechanisms are conceptually very

different, I question how easy it is in practice to distinguish

between them. Is the boundary between them indistinct? For

instance, in Polistes nest construction, the probability of

constructing a new cell in a certain location is dependent

upon the number of adjacent walls (3 walls: probability
=

0.55; 2 walls = 0.05; 1 wall = 0; from Camazine et ai,

2001: 425; see also Bonabeau el ai, 1999). (This is except-

ing the very earliest stages of construction when only a few

cells are present; Downing and Jeanne, 1990; Karsai and

Theraulaz, 1995.) These are interpreted as three qualita-

tively different configurations, but how can we be sure that

they do not represent a nonlinear relationship to a quanti-

tative variable? Would we still categorize the response as

qualitative if the construction probabilities were directly

proportional to the number of adjacent walls (or data re-

sembled tig. 3 of Karsai and Penzes, 1993)? Karsai and

Penzes (2000) recently suggested that age of cells (a quan-

titative variable) might be a better explanatory variable of

Polistes nest construction than the number of adjacent walls

(a qualitative variable). Thus, their study, and earlier works

(Penzes and Karsai, 1993; Karsai and Penzes, 1993; Karsai,

1999), interprets the same phenomenon, nest construction in

social wasps, solely from a quantitative stigmergic view-

point. Viewing the qualitative versus quantitative question

from the other direction, in the formation of an ant ceme-

tery, the number of corpses in a pile is believed to be a

quantitative variable, and self-organization plays a role (G.

Theraulaz et al., unpubl. ms.). But what if an ant regards a

group of two or more ants as a processed "pile," and

perceives a single dead ant as something qualitatively dif-

ferent perhaps as an unprocessed ant that just happened to

die on that spot?

My point is that for us animals sometimes several or-

ders of magnitude larger than the organisms we study it

may be difficult to decide what represents qualitatively or

quantitatively different configurations and responses. What

appears to be a randomly deposited soil pellet to our eyes

may represent a particular qualitative configuration to a

termite. A confounding problem is that behavioral data are

often noisy. Furthermore, nature probably has few pure

self-organization systems; that is, situations that involve no

other pattern-formation mechanism. Given these problems,

such issues may be difficult to tease out without detailed,

tedious, and time-consuming observations and experiments.

We must invest some thought into considering what key

features and critical tests will allow us to distinguish be-

tween qualitative and quantitative stimuli and responses.

Qualitative Stigmergy versus Self-Assembly

In this section, I propose that the distinction between

qualitative stigmergy and self-assemblages may not be

clear-cut. Self-assemblages are "physical structures formed

by individuals linking themselves to one another" (Ander-

son et al., 2002). In insect societies, various examples of

self-assemblages exist. For instance, an army ant bivouac is

an adaptive structure composed of many workers linked

together and is therefore a self-assemblage. Other examples

include living ant-bridges (Oecophylla and Eciton), bee-

curtains (see below), and floating ant-rafts that allow colo-

nies to survive nest flooding (Solenopsis). Self-assemblages

are reviewed in Anderson et al. (2002) and are a product of

the process of self-assembly (see Sendova-Franks and

Franks, 1999).

The way that self-assemblages form involves a new in-

dividual moving over the surface of the growing structure

and attaching itself. As the individual moves over the sur-

face, it is likely to encounter different stimulating configu-

rations of individuals already part of the structure. Once it

attaches itself, it has created a modified structure that prob-

ably affects the attachment of subsequent individuals (Fig.

2). Qualitative stigmergy and self-assembly have many
common features: movement of an individual over a struc-

ture; individuals that presumably encounter different stim-

ulating configurations; qualitatively different responses (at-

taching at the end of the chain is a different response than
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Figure 2. An individual must make a choice when joining a self-

assemblage. In this highly stylized view of the beginnings of an army ant

bivouac (hanging from an attachment point, hatched section), there are four

qualitatively different attachment positions, or stimuli (5,-S4 ). If these

different stimuli are associated with different probabilities of joining at this

site, then there is a very strong similarity with qualitative stigmergy.

attaching oneself in a "hole" on the surface); and responses

that produce a new and probably qualitatively different

structure.

In qualitative stigmergy. individuals place new material,

in this case wood pulp, onto a structure, the nest, creating a

new. qualitatively different structure. The distinction be-

tween the material being placed, pulp, and the individuals

doing the placing, the worker wasps, is clear. However, in

self-assemblages there is not this clear distinction; in a

sense, self-assemblages involve individuals that are both the

workers, while searching for an attachment site, and the

material, once they have attached. In my opinion, this dif-

ference between qualitative stigmergy and self-assemblages

is unimportant because the same feedbacks seem to be

operating in both mechanisms. Are they regarded as distinct

merely because qualitative stigmergy involves inanimate

stimulating structures whereas self-assemblages involve an-

imate ones?

Self-Assembly versus Self-Organization

The way that self-assemblages form, self-assembly, is a

mechanism in which the global pattern, in this case a

physical structure such as a chain of ants, presumably de-

pends entirely upon local and probably simple interactions

among neighboring individuals, without reference to the

global pattern. Compare this to the definitions of self-orga-

nization (Table 1 and earlier section) and a strong similarity

between self-assembly and self-organization is evident (but

see Sendova-Franks and Franks. 1999). For instance, it is

extremely unlikely that an army ant joining a bivouac has

any sense of the global structure it is joining. For one thing.

workers of some army ants species are totally blind for

example, Eciton burchelli, which produces what perhaps are

the most striking and impressive bivouacs and rely on

local pheromone trails and other chemical and tactile signals

rather than visual cues (Franks. 1989; Gotwald, 1995). It is,

of course, possible that in some self-assemblages a signal or

cue such as total pheromone concentration might correlate

with the number of individuals composing the current struc-

ture and could give a new individual some information

about the global pattern. However, my feeling is that this is

probably not the case in most situations, and that as in

self-organization local information and local interactions

are the major mechanisms involved.

What Is the Role of Positive Feedback?

I! the above similarity were not enough, another major

aspect of self-organization that may link and perhaps blur

the distinction between self-organization and self-assembly

is positive feedback. Positive feedback is considered a key

ingredient but not a crucial component of self-organization:

"must self-organizing systems use positive feedback" [my

italics] (Camazine etui, 2001; p. 15). In this section, I argue

first that positive feedback could occur in self-assemblage

formation; and second, that some examples of biological

self-organization may contain little or no positive feedback.

I propose that these are further reasons why self-organiza-

tion and self-assembly may be conceptually indistinct.

Could self-assemblages involve positive feedback'.'

Positive feedback is a mechanism that promotes change
in a system; moreover, it drives change in the same direction

as a perturbation. For instance, in many ant species, a scout

ant that has found a source of food lays down a pheromone
trail as it returns to the nest. This provides a source of

information for other individuals, allowing them to follow

the trail and find the food. In turn, as new recruits reach the

food and return to the nest, each laying a trail, the trail gets

progressively stronger, making it more likely that other

recruits will both follow the trail and reinforce it with

additional pheromone (e.g., Hiilldobler and Wilson. 1990).

(Incidentally, the pheromone trails here are another example
of quantitative stigmergy.) Thus, from a small "perturba-

tion" such as a single pheromone trail across the ground, a

strong trail can develop (Camazine ctul.. 2001; Deneubourg
et a!.. 2002; Detrain and Deneubourg, 2002).

I argue that positive feedback could be involved in self-

assemblage formation. Imagine several chains of Eciton

ants hanging from a rock, as in Figure 2. A new ant wanders

over the chains and attaches itself at some position. If it is

more likely to attach itself to the end of the longest chain

the lowest available attachment position then this creates a

positive feedback mechanism: longer chains attract more

ants, and so grow faster and longer, thus attracting more
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,4 classification scheme of the different examples on the basis of three variables: (D whether inlet-individual interactions are direct or indirect

{stigmerxic), (21 whether or not positive feedback is involved, and (3) whether the stimuli to which individuals respond are quantitative or qualitative.

All examples are discussed in the te.\t

Nature of

stimulus
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It has been previously suggested that qualitative stig-

mergy (case H) is not a self-organized process (Bonabeau ct

al., 1997. 1999; Cama/ine ct <//.. 2001). However. I would

like to suggest that, by itself, the criterion of qualitative

stimuli may be insufficient grounds for declaring that a

system is not self-organized. Might a self-organized system
involve qualitative stimuli, positive feedback, and direct

interindividual interactions? Consider defensive posturing

in the giant Asian honeybee. Apis domain (case E). the

species mentioned earlier that forms a living curtain of bees

over the comb. When attacked, the outermost bees of this

self-assemblage perform a jerky abdominal shaking, behav-

ior that spreads across the surface as a wave (Kastberger and

Biswas, 1998; see also Kastberger el /., 1998), sometimes

even as spirals, as observed in many other "excitable media"

such as heart tissue during cardiac arrhythmia (e.g., Davi-

denko ct a/.. 1992; Goodwin. 1994; Ball, 1999). A respond-

ing bee performs a single wing stroke (of 80-160 ms

duration), an abdominal thrust (an additional 200-250 ms).

and remains still for a period (200 ms) (Kastberger and

Biswas, 1998). A bee performing this sequence of behaviors

stimulates its neighbors to "jerk," which in turn affects their

neighbors, and so on. Thus, this behavior spreads across the

surface in a positively reinforced manner coupled with a

crucial refractory period (remain still tor 200 ms). (Such

refractory periods are vital for traveling waves of activ-

ity as in nerve cells, the Beloussov-Zhabotinsky reaction,

activity cycles in ants, etc. because they prevent back-

propagation; that is, the wave travels forward only [t'.f>.,

Goodwin, 1994; Ball, I999|.) A bee can be classified as

defense posturing or not, and thus the stimulus is most likely

qualitative. Lastly, interactions are clearly direct, neighbor

to neighbor. What is observed, however, at the global

level traveling and spiraling waves is generated entirely

from within the system and emergent. At least from the

definitions in Table 1, it would classify as self-organized.

I cannot envision a situation in which both positive feed-

back and indirect interactions could be realized with a

qualitative stimulus (case F). I will, therefore, tentativclv

suggest that this scenario is not possible, but would wel-

come suggestions from readers. Finally, with my conceptual

scenario of self-assemblage formation (described earlier), I

suggest that a situation with direct interactions, qualitative

stimuli, and no positive feedback is possible (case G) and

would probably qualify as self-organized under the defini-

tions of Table 1. However, as Anderson ct al. (2002) stress,

we are very ignorant about the proximate mechanism in-

volved in self-assemblage formation.

Where does this leave us? I have endeavored to show that

the distinction between a number of mechanisms princi-

pally self-organization, qualitative stigmergy, and self-as-

sembly may, in certain cases, be indistinct. This is not

necessarily a problem, as borderline cases can be very

illuminating (Anderson and Franks. 2001 ); only by attempt-

ing to push the limits of a concept are we likely to find

where the boundaries truly lie. The identification of key
variables direct versus indirect interindividual interac-

tions, positive feedback, and quantitative versus qualitative

stimuli helps to distinguish among these indistinct cases

and also highlights the observed diversity of functional

organization (Table 2). It does not. however, solve the

problem of what precisely is, and is not, self-organization. I

believe that we are unlikely to suceed in formulating a

single, well-defined, and satisfactory definition of self-or-

ganization. (The concept of "complexity" is similar: you
know it when you see it. but there is no consensus on its

definition.) Rather than worry about semantics, we should

focus on studying these fascinating phenomena, in particu-

lar, striving to identify their underlying proximate mecha-

nisms.
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Abstract. In this paper I ask questions about the evolution

of self-organized activity cycles that are found in some ant

colonies. I use a computer model that generates periodic

activity patterns in interacting subunits and explore the

parameters of this model using a genetic algorithm in which

selecting on one aspect of the system produces the distinc-

tive self-organized pattern. The general point that I explore,

using the example of activity cycles, is that the observation

of a self-organized pattern does not mean that the pattern is

an adaptation. Self-organized patterns can represent non-

adaptive correlated responses to selection, exaptations or

even selectively disadvantageous traits. Evolution of self-

organized patterns requires genetic feedback between the

self-organized output and the subunits that produce the

pattern. Without this necessary feedback, a self-organized

system does not evolve.

Introduction

Many features of biological complexity result from self-

organization. Biological systems are, in general, global pat-

terns produced by local interactions. The biological struc-

tures that seem closest to the ideal of directed organization

are proteins that arise from a coding sequence of DNA.

Even here, the complex folded structure of a protein is not

simply coded in the DNA sequence. Protein structure is the

result of genetic and epigenetic processes that produce a

single or a few appropriate folded structures from the huge

number of stable and thermodynamically equivalent struc-

tures. Their structure is not specified uniquely by some

central pattern generator, the DNA sequence, but requires

This paper was originally presented at a workshop litled Tin- Limit', u>

Self-Orffiiiii:tiiinii in Binlotiii'til Sntcm.\. The workshop, which was held at

the J. Erik Jonsson Center of the National Academy of Sciences. Woods

Hole. Massachusetts, from 11-13 May 2001. was sponsored by the Center

for Advanced Studies in the Space Lite Sciences at the Marine Bioloiiic.il

Laboratory, and funded by the National Aeronautics and Space Adminis-

tration under Cooperative Agreement NCC 2-S L>6.

interactions among all of the molecular machinery of the

cell, including DNA. RNA. and other proteins (Voet and

Voet. 1995).

The adult body plan of an organism is a self-organized

system produced by the complex interactions among cells

and tissues mediated by differential gene expression, local

chemical communication among cells, and local regulation

that constitute development. The development of an organ-

ism is not simply coded by the DNA sequence, but is again

a process that is produced by a complex, self-organized

system with genetic and epigenetic components (Goodwin

1994; Sole and Goodwin. 2000).

Because social insect colonies are intermediate in their

degree of integration between a single soma and a collection

of unconnected individuals, they have been favorite subjects

for studies of self-organization (see, e.g.. Camazine et til.,

2001). This same intermediate position in the levels of

genetic integration also makes social insects favorite sub-

jects for studies on levels of selection, cooperation, and

conflict. The purpose of this paper is to look at an example

of selection operating on colony functions to change inter-

actions among workers in such a way as to alter the self-

organized activity patterns of the colony.

One of the appealing aspects of the study of self-orga-

nized systems is that we do not need anything specific from

biology to understand the existence of self-organization.

Self-organization occurs for reasons that have to do with the

organization of the interacting elements. When we recog-

nize that the same ripple patterns that can exist in sand

dunes also exist in biological patterns, some of us feel a

profound sense of connection between the physical pro-

cesses and the biological ones. However, it is undeniable

that biological self-organized systems have a capacity that

nonbiological self-organized systems usually do not have.

Inheritance produces temporal continuity that causes a sort

of memory in the system. The difference between the es-

sentially nonbiological self-organized systems and the self-

organized systems that most biologists are interested in is
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that sand grains have no system of inheritance. The sand

grains do not produce more sand grains that behave in

similar ways, or more importantly, with slight modifica-

tions. The pattern of ripples in the sand can be changed only

by changing the external conditions or by making a quali-

tative change to the material of which the sand is composed.

In biological systems, inheritance allows individual "sand

grains" to persist with slightly altered rules for interaction.

Biological self-organized systems should be interesting to

those who study self-organization because the inheritance

that is intrinsic to biological systems gives them a level of

complexity that is unique. Biological self-organized sys-

tems should be of interest to evolutionary biologists for two

reasons. The first is that self-organized systems produce

phenotypes that are subject to selection or other evolution-

ary processes. Secondly, evolutionary processes may oper-

ate on the inherited elements of self-organized systems.

These elements may be the subunits (e.g.. cells or organ-

isms), but more interestingly, they may be the interactions

among subunits. Systematic, microscopic changes in inter-

actions can produce sudden macroscopic phase-shifts in the

behavior of self-organized systems, and thus in the pheno-

type of a organism. This is a characteristic of complex

systems in general (e.g.. Bak et ai, 1988; Kauffman, 1993;

Goodwin, 1994; Sole and Goodwin, 2000). but natural

selection is a mechanism that produces these systematic

microscopic changes. A corollary is that selection on one

aspect of a biological self-organized system can produce

dramatic changes in some other aspect of the phenotype.

This duality between levels of organization of the output of

a self-organized system and the interacting components

mirrors the duality in levels of selection, or indeed between

phenotype and genotype. A standard caveat from evolution-

ary biology that I develop in this paper is that we must be

careful when we impute adaptation to the observation of

self-organization, even a self-organized system that is sub-

ject to selection.

Evolution in a Self-Organized System

In this paper I examine the model consequences of se-

lection operating on a complex interacting system. The

consequence is the emergence of a self-organized property

that is independent of selection operating on the system. The

system that I describe is that of activity cycles in ant

colonies. I use models of ant activity in which colonies can

vary in size and in how the worker ants interact with one

another. Using a genetic algorithm, I allow the population to

evolve in colony size and in the types of interactions.

Fitness is assigned to colonies on the basis of a trait that is

independent of the degree of periodicity in the colonies, that

is, independent of the expression of the self-organized phe-

notype.

The point that I want to make in this section is that

selection on a complex system can result in self-organized

patterns even when these patterns have no selective conse-

quence themselves. When we observe self-organized sys-

tems, we are under no compulsion to assume that the pattern

represents an adaptation. The general point that changes,

even when produced by selection, do not represent adapta-

tions has been made for such diverse examples as the

variety of patterns of the sutures of ammonite shells (Gould.

1977) and the changes in allele frequency due to genetic

hitchhiking (Hedrick, 1982). Specifically, I examine an in-

stance of a self-organized trait that occurs as a correlated

response to selection.

The metaphor that I use to make these points is ant colony

activity cycles. The activity within colonies of certain spe-

cies of ants is characterized by short-term cycles (Franks et

nl.. 1990; Hemerik et ai. 1990; Cole, 1991a, c, 1992; Tofts

et al.. 1992; Cole and Cheshire. 1995; Cole and Trampus.

1999; Boi et nl.. 1999). These activity patterns, while by no

means perfectly periodic, have a substantial periodic com-

ponent. The periodicity is not a property of individual

worker ants since they have activity patterns that are either

random or chaotic (Cole, 1991b, 1994). As larger numbers

of worker ants are added to an experimental aggregate, the

magnitude of the largest periodic component increases (Fig.

la; Cole and Cheshire, 1995). The periodic activity of

colonies represents a self-organized temporal pattern. There

is a spatial component to this pattern as well, since activity

spreads in a traveling wave throughout the colony (Cole and

Trampus, 1999; Boi et nl.. 1999).

Models of ant colony activity were first developed by

Sole et al. ( 1992) and expanded and modified by Miramon-

tes et al. (1993). Cole and Cheshire (1995), Sole and

Miramontes ( 1995), Sole and Delgado (1996), Delgado and

Sole (1997a, b, 2000). These models are mobile cellular

automata (MCA) or fluid neural network (FNN) models in

which an automaton (a worker ant) becomes active sponta-

neously and, when active, may move through the gridded

nest. The level of activity declines spontaneously at a con-

stant rate, until a threshold level is reached. Neighboring

ants may also influence each other's activity depending on

the types of interactions that are allowed that is, depend-

ing on the rule set for interactions. For example, we may
allow an active ant to influence the activity of a neighboring

active ant, or we may allow an inactive ant to influence the

activity of a neighboring active ant. The influence of an

active ant is to increase the activity of neighbors, and the

influence of an inactive ant is to reduce the activity of

neighbors. In this simplest model, we allow the ants to be in

one of two states, active or inactive. Active ants have an

activity level above a threshold, and inactive ants have an

activity level below this threshold. The activity of each ant

in subsequent time steps is computed according to an algo-

rithm that describes how the activity of the ant changes

throush time on its own, and the effect of the interactions of
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Figure 1. (A) Data from activity records of the ant Leptutln>rtt.\ /-

larjycei. The number of individuals is given on the abscissa and the power
in the first fourier component of the activity record is given on the ordmate.

Activity records are at least four hours long. (B) Magnitude of the first

fourier component in simulations of the MCA model described in the text

for varying numbers of automata. These figures are adapted from data

described by Cole and Cheshire (1945). ('Copyright 2002. The University

of Chicago Press. All rights reserved. Used with permission.)

each of its neighbors. The details of the model can be found

elsewhere (Sole et <//., 1992; Cole and Cheshire, 1995). The

rule sets are coded by a matrix that dictates how active or

inactive ants influence the activity of their active or inactive

neighbors. Since we have two activity states for the ants,

there are four terms in this matrix. The first term is the effect

that an active ant has on another active ant. A value of 1

indicates that the interaction is allowed, and a value of

indicates that the interaction is forbidden. It is convenient to

speak of 7,
:

1 rules, to indicate that active ants are

allowed to influence the activity of other active ants. For

example, 74
= rules would indicate that inactive ants are

forbidden to influence the activity of inactive ants.

Since the four terms of the interaction matrix can be

either or 1, there are 16 rule sets that apply to this model.

Earlier work (Cole and Cheshire, 1995) showed that if the

model follows the rule 7,
==

1, then as larger numbers of

workers are added to the system, the degree of periodicity of

the simulated outcome increases in the same way that ex-

perimental results do (Fig. Ib). In other words. 7,
=

1 rule

sets are necessary and sufficient to generate periodic activ-

ity; the other rules are not critical. Since we are speaking of

social behavior, we might regard this as a social facilitation

term.

Having 7,
=

1 means that active ants stimulate other

active ants: in other words, there is a autocatalytic term.

Since ants are allowed to move only one space step per time

step, there is also an implicit time delay in the system as a

whole. Active ants cannot influence ants more than one

spatial step away. The activity pattern of the colony is due

to a reaction-diffusion system (Murray, 1989) that exhibits

self-organized activity cycles that occur as waves propagat-

ing throughout the colony.

However, the fact that these patterns can be produced
does not mean that they represent an adaptation. The next

step is to produce a model of the evolution of activity

patterns and colony size in ants. I start with the assumption

that activity cycles themselves have no functional or selec-

tive consequence. When I make this assumption in the

model, I am not claiming that activity cycles have no

functional consequence, I am just exploring the conse-

quence of making that assumption. Delgado and Sole

(2000) use the same models to consider possible increases

in colony efficiency that may result from periodicity in

activity. What I assume does have selective value is the rate

with which an ant can traverse the colony. I take as a

reasonable assumption that the longer the time that is re-

quired for an ant to move between specified locations in the

nest (for example, from one side of the nest to the other), the

longer the time required for food or information to travel

through the nest. Provided food is carried by ants or infor-

mation is propagated by physical contact, these are reason-

able assumptions. The assumption that I am making is that

colonies in which food or information or workers them-

selves travel more quickly from place to place have higher

fitness. The fitness of a colony that has a particular rule set

will be the reciprocal of the time required for transiting the

nest.

The strategy is to take a model population of "ant colo-

nies" and follow the changes in the rule sets used by

colonies. Initially, all colonies are composed of three work-

ers with 7
1

=
7-,

= 73
= 74

= 0; workers are not allowed

to influence the activity of any other workers. In each time

step, fitness is assigned by noting the transit time of workers

within colonies that use particular interaction rules. Fitness

varies with the size of the colony and the rule set that the

colony is using. Fitness assignments were made by perform-

ing 10 simulations for each of the 16 rule sets using 3, 5. 7,

II, 15. 20. 25. 30. 35. 40, 45. 50. 55. 60. and 65 workers

(since the same grid size is used, this results in increasing

density). In each simulation a single transit time was mea-

sured. A fourth order polynomial was fitted to the relation of

transit time and colony size to interpolate the nonlinear

relationships. The polynomial was then used to calculate

transit time, or I /fitness for a particular combination of rule
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Figure 2. The outcome of selection for various rule sets in the genetic

algorithm described in the text. (A) The proportion of colonies that obey

the J I
=

I , J2 = 1,73= 1 or 74 =
1 rule through time, starting with

a colony size of three workers with all workers obeying the rule 71 = 72 =

73 = 74 = 0. 73 =
1 becomes fixed in the population first, followed

rapidly by 71 = 1. Both the 72 =
1 and the 74 =

1 rule transiently reach

high proportions before declining in frequency. The 71 =
1 and 73 =

1

rules do not remain fixed due to recurrent mutation. (B) The average colony

size of the 1000 colonies composing the population.

set and colony size. The mutation rate, going up or down in

colony size (in one-worker increments) or changing one of

the rules (from to 1 or back) was 0.01. The population of

1000 colonies was repopulated by random replication of

colonies with probabilities based on a colony's relative

fitness.

The outcome of this genetic algorithm is shown in Figure

2a. Both rules J
_,

=
1 and 7,

=
1 rapidly go to near fixation

in the population. Other rules are transiently selected for

because colony size is changing as well (Fig. 2b). Selection

on transit time produced a rule set that generates self-

organized activity cycles. These self-organized patterns are

themselves not the outcome of selection; they have no effect

on function or fitness, and yet they appear due to selection

on transit time. They are a correlated response to selection.

A second consequence of this selection is that it produces

activity patterns of greater complexity. For each rule set. I

measured the complexity of the activity record as the aver-

age mutual information per pair of ants (Langton, 1992;

Sole and Miramontes, 1995). The mutual information in a

pair of activity records is the sum of the entropy in each

ant's activity record minus the entropy in the joint activity

record: entropy of ant 1 + entropy of ant 2 -
joint entropy.

Entropy is, S/>, log-, /?,, summing over the proportion. />,.
ot

time that the aggregate spends in each of the n + 1 activity

states (n = number of ants). If the ants behave indepen-

dently, joint entropy equals the sum of the individual en-

tropies and the mutual information is zero. If the ants remain

in one behavioral state, then the sum of the entropies is low

and the mutual information is low as well. For each aggre-

gate I calculated the mutual information per pair of ants and

analyzed their average values. The average mutual informa-

tion per pair of ants is shown in Figure 3 for various rule

sets. When selection operates on the speed of movement

through the nest, the correlated effect is to increase the

complexity of activity patterns. In this simulation, colony

size and the rule sets coevolve to place the activity pattern

near the peak of complexity, or in the region that Langton

(1992) calls "edge of chaos."

Discussion

As with any complex trait, the observation of a self-

organized pattern says little about the functional conse-

quence of the pattern. In the model results, the self-

organized structure is neither advantageous nor

disadvantageous; it is simply nonadaptive. However, the

self-organized trait could be disadvantageous if we measure

the effect that increasing expression has on fitness, provided

this effect is less than the increase in fitness gained through

selection on the other trait. We might measure the effect that

activity cycles have on fitness and detect a negative rela-

tionship. Provided the negative effects of activity cycles are

more than balanced by the positive effects on transit time,

particular rule sets that generate periodic activity could be at

a selective advantage.

Finally, it is possible that a self-organized pattern could

be produced as a correlated response but then be acted upon

by selection in the future. Under a new set of circumstances,

the self-organized pattern may have a positive effect. This

would be an exaptation in the sense of Gould and Vrba

( 1982). Selection on the self-organized pattern may modify

it to become more effective at producing these positive

consequences; however, the self-organized pattern could

not be regarded as an adaptation. Subsequent modifications

to the system to produce additional changes should be

regarded as secondary adaptations, although it would still be

fair to regard the pattern itself as an exaptation. We could

imagine, for example, that cycles of activity are produced in

ant colonies by selection operating on the level of activity of

individual worker ants. The existence of activity cycles may
then be co-opted to improve certain colony functions ac-

cording to the mechanism suggested by Delgado and Sole

(2000).

Self-organized systems happen, but that may not mean

anything. Logically, the possibilities are that they have no

selective consequence (they are nonadaptive), they contrib-
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self-organized pattern itself has no influence on the repro-

duction of those that have inheritance, the self-organized

pattern may change, but it does not evolve.
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Abstract. Aggregation is one of the most basic social

phenomena, and many activities of social insects are linked

to it. For instance, the selection of a valuable site and the

spatial organization of the population are very often by-

products of amplifications based on the local density of

nestmates. The patterns of aggregation are very diverse,

ranging from the gathering of all animals in a unique site to

their splitting between several ones. One might question

how these multiple patterns emerge. Do ants actively initiate

the formation of such patterns by modulating the emission

of an attracting signal such as the trail pheromone? Alter-

natively, do patterns result from quantitative changes in the

duration of interaction between animals once they have

reached the gathering site, without any active modulation of

the communications? To discuss these questions, we present

two empirical studies: the gregarious behavior of cock-

roaches (Blutellii) and self-assembly in the weaver ant

(Oecophylla).

Through experimental and theoretical studies, we show

how a single behavior the resting time leads to a collec-

tive choice in both species. This behavior is a response to

the density of conspecifics and can also be modulated by

heterogeneities in the environment. In weaver ants, it allows

the colony to focus the formation of chains in a given area

among several potential sites. In cockroaches, it allows the

gathering of individuals in particular shelters, depending on

the proximity between strains. These results are discussed

with emphasis on the role of aggregation processes in the

emergence of cooperativity and task allocation.
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Introduction

In animal societies, collective decisions and patterns

emerge from a variety of interactions among individuals.

Self-organization is the theory of how minimal complexity

at the individual level can generate much greater complexity
at the collective one. The rules specifying the interactions

among the system's components are executed using only

local information, that is, without reference to the global

pattern. Thus collective decisions that can be made using

rules of thumb that require only a limited cognitive ability

and a limited knowledge of the environment might be

characterized in terms of the multiplicity of parameters as

well as by heterogeneity and unpredictability (Carnazine et

al.. 2001).

Most self-organized decisions and patterns arise as a

result of a competition between different sources of infor-

mation that are then amplified through different forms of

positive feedback. In contrast, negative feedback often

arises "automatically" as a result of the system's constraints

U'.t,'.. limits on the supply of food, the space for settlement,

and the number of available workers). An example of such

processes is the competition between trail recruitments to

multiple food sources in social insects or gregarious arthro-

pods (social caterpillars or spiders) where the modulation of

communication is essential (Deneubourg and Goss. 1989;

Cama/.ine ct nl.. 1990. 2001; Cama/,ine and Sneyd, 1991;

Seeley et til.. 1991; Seeley, 1995; Fitzgerald. 1995; Detrain

ct ai. 1999; Saffrc et /.. 1999). For instance, the ability of

a bee or an ant to modulate its dancing or trail-laying

behaviors, in relation to its perception of the profitability of

a particular source, is sufficient for a collective and adapted

decision to be made.

We generally observe a high diversity of collective pat-

terns at both intraspecitic and interspecific levels. But how

is this diversity produced in self-organized systems? Do

individuals need specific behavioral algorithms and a mod-

ulation of their communication for each situation? Or do

262
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they just modulate some generic rules without changing

their individual interactions? Can we find a convergence of

similar and simple mechanisms for different species and for

different collective tasks'? These are fundamental questions,

not only for better understanding mechanisms of organiza-

tion, but also for making the link between the proximal and

ultimate view of social evolution (Krebs and Davies, 1997).

To discuss these questions, we choose to focus on a very

widespread phenomenon, that of aggregation. It is of par-

ticular interest because it is a prerequisite for the develop-

ment of other forms of cooperation and is involved in many
tasks performed by an insect society. In addition, the gath-

ering of individuals at the same place is significant because

it is often the consequence of a collective choice.

Through two empirical studies on the gregarious be-

havior of cockroaches (Blattela germanica) and on self-

assembly in weaver ants (Oecophylla) we show (1) how
collective decisions are a by-product of the mechanisms

involved in aggregation; and (2) how different collective

patterns, with different functions, arise from the same ge-

neric rules, based on the individual response (mainly the

resting time) to local signals including the presence of

conspecifics (positive feedback). Though we do not deny
the possible modulation of a signal depending on the envi-

ronment, we demonstrate here that such modulation is nei-

ther observed nor necessary for the emergence of aggrega-

tion patterns.

Self-Assembly in Oecophylla

Ants of the genus Oecophylla (Ledoux. 1950: Holldobler

and Wilson. 1978, 1990; Lioni ct al., 2001; Lioni and

Deneubourg. unpubl. data) are characterized by their capac-

ity to hang on to each other to form chains. This allows the

bridging of an empty space, for example between two

branches (see Holldobler and Wilson, 1990, pp. 618-629).

These self-assembled structures are a particular type of

aggregation. In nature the challenge of such an activity is to

avoid the formation of multiple small and inefficient chains.

What are the mechanisms that allow the colony to focus its

activity at a particular and useful site?

To address this question, we set up an experimental

apparatus using a binary choice (Fig. la), and we observed

how the probability of an ant entering (Pei ) or leaving (Ph )

a chain depends on the size of the chain (Fig. Ib). We found

that

P
tl
= a +

bX,

1 + cX,

p,i
= dX,

eX h
,

(2)

where X, is the number of ants in the chain ;'.

The fitting of the experimental values gives the following

parameter values: a = 0.55; b = 0.11: c = 0.28 (;
=

0.89; P < 0.001); d = 0.33: e = 0.48; h == 1.3 (r =

0.92; P < 0.001 ).

The function P
ei expresses the idea that the probability

for an ant to join the chain grows with the number of

nestmates already present (X) and reaches a plateau value

equal to a + hX,; u is the value of spontaneous hanging
when X,

= 0. The probability for an ant to leave the chain

(Ph ) decreases with Xr Considering T
f

,
as the total popula-

tion in the nest, we also observed a linear dependence
between the arrival flow (pr

and the population remaining in

the nest (Tp
-

(X, + X
2 )).

At the beginning of the experiment, we observe a similar

increase in the number of ants in both chains. A slight

asymmetry between the populations appears, after 10 min,

and is amplified during the rest of the experiments. After 20

min there is a strong asymmetry, which results in the

survival of one chain with a high number of ants (Fig. 2).

The asymmetry is not due to a higher flow of arrivals from

the nest to the strongest chain (this flow remains equal on

both branches); it is due only to the process of the ants

entering and leaving the chains.

Positive feedback mechanisms expressed by equations

( 1 ) and (2) generate a nonlinear growth that focuses activity

on a single and functional chain instead of on several small

and inefficient ones.

Furthermore, these probabilities (Pcl ) and (PM ) can be

triggered by the presence of a visual stimulus or by the

geometry of the environment (e.g., a dead-end). The sym-

metry of the set-up can be broken by placing a visual

stimulus under one branch (black bar, 1 cm width, placed 6

cm below one branch). In this situation the growth and the

persistence of the chain above the stimulus are favored (Fig.

3). There is still an equal flow of arrivals on both branches,

and the same logic applies as in the symmetrical setup. The

visual stimulus quantitatively changes the individual re-

sponse by slightly increasing PL
. and decreasing P ,, thereby

increasing the resting time in the chain. As a result, the

visual stimulus can be reached by the ants, and the chain is

used as a bridge.

To summarize, this example shows that a slight modula-

tion of the resting time, which corresponds to 1/P,. can

generate different patterns and allow the colony to focus its

activity. The individual response is based on the local den-

sity of nestmates and can be triggered by any favorable

configuration, such as the presence of leaves in a tree. It is

important to note that this decision is reached without any
need for an active modulation of the communication.

Cockroach Aggregation and Strain Odor Recognition

Cockroaches in the species Blattella germanica exhibit

gregarious behavior in shelters during their resting period.

The shelters are an important resource for these insects, and

the gregarious behavior facilitates cooperation (Dambach

and Goehlen, 1999). Binary choice tests were carried out
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Kigure 1. (A) Binary choice experimenlal set-up used to study chain competition in weaver ants. (B)

Individual probabilities to enter a chain depending on its size () and to leave a chain depending on its size (O).

between two large and identical shelters each with a carry-

ing capacity (S) large enough to contain the whole popula-

tion. Tested groups of larvae show a strong tendency to

aggregate on a unique, randomly selected, resting site (Fig.

4; Rivault and Cloarec. 1998). This collective choice results

from a random walk and hence random discovery of the

shelter by larvae and a probability P
t
to leave the shelter /

(P,
=

I/resting time). Due to inter-attraction between indi-

viduals, this probability decreases with the number of con-

specifics (X,) in the shelter / and is ruled by an empirical

equation very similar to that proposed for Oecophvlla (Ri-

vault et dl.. 1999: Ame ct al., Universite Libre de Bruxelles,

unpubl. data):

1 + bX;
(3)

with LI
= 0.0 1 , b = O.I 6. The characteristics of the shelter

affect the resting time of the individuals, which for an

isolated animal is =\la. The expression ( 1 + hX~) describes

how the presence of other conspecifics increase the resting

time. A theoretical model suggests that these basic mecha-

nisms account for the clustering of insects (Rivault et al.,

1999; Ame ct <//., unpubl. data). This model also predicts

that other collective patterns can emerge, keeping the same

individual rules.

For instance, a group of cockroaches is able to select a
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Figure 2. Distributions of the proportion of ants in one chain on the

total number of ants in each chain at times 2 (D) and 20 min () (N = 19).

0-19% 20-39% 40-59% 60-79%

% of larvae in the right shelter

80-100%

Figure 4. Experimental distribution of the proportion of cockroach

larvae present in shelter 1 (n = 491. Number of larvae in each tested

group
= 20.

single shelter only if the number of shelters is small or its

population is large. This result shows that different patterns

of aggregation may be spontaneously adopted based only on

changes in the environment.

In natural situations, the shelters are not identical, and

they are characterized by different parameters, which are

more or less easily detected and integrated by an individual.

Any parameter of the shelter that increases the individual

resting time favors the formation of the cluster in this

shelter. Because of the competition between shelters, most

of the larvae will aggregate in the site that has the highest

resting time. Furthermore, the interactions between individ-

uals increase the probability of an individual staying on the

site that produces the largest resting time and benefit per

capita.

Individual tests show that the larvae prefer the odor of

their own strain to that of another (Rivault el ai. 1999).

However, in mixed groups with individuals from two

strains, experiments show that the final aggregation is not

different for mixed or pure groups (Rivault and Cloarec,

1998). In simulations, it is rather easy to take these inter-

actions between strains into account:

50 i

i 40-

30-

20-

10-

0-20% 20-40% 40-60% 60-80% 80-100%

% of ants on the branch with stimulus

Figure 3. Distributions of the proportion of ants in the chain above the

stimulus, on the total number of ants in each chain at 10 min (N =
6).

b(X2l

(4)

(5)

where P
t
(P2 ) are the probabilities for an individual of strain

1 (2) to leave the shelter /', Xu and X2i are respectively the

number of individuals of strain 1 and 2 in this shelter /. |3 is

the inter-attraction between both strains: if |3
=

1 , there is

no difference between the strains; and if /3
= 0, there is no

inter-attraction between the strains. Simulations show that

even with a very low attractivity between strains (|3 is low),

there is no difference between the gregarious patterns of

mixed and pure groups.

However, the model also predicts that the two strains are

able to segregate when the resting sites are overcrowded

(S = total population). Each cluster is characterized by a

majority of larvae from the same strain. In this case, group

closure is an emergent component of the dynamics, in that

the segregation is obtained without aggressive parameters or

any other form of repulsion between strains. The smaller the

shelter and the greater the difference between the two

strains (|3 small), the more easily the segregation emerges. If

the two strains are similar enough (|3
> 0.5), the segregation

is never observed. To summarize, the crowding in the

shelter and the degree to which individuals recognize each

other (proximity between strains given by /B) affect the

dynamics of aggregation and lead to opposite patterns.

Conclusion and Perspectives

Both examples given in this paper illustrate how one

parameter (here the resting time) can produce different

patterns of aggregation independent of any active signaling

by animals. In cockroaches, the amplification is modulated

only by the time spent in a shelter, which is enough to

produce the patterns. The resting time is increased by the
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presence of conspecifics and is used as a key for assessing

the quality of the site. In Oecophylla, the same mechanisms

act to focus the colonial activity in a particular area.

In cockroaches, the unique modulated parameter con-

trasts with the different patterns. The shift between aggre-

gation and segregation is obtained without any behavioral

modification, such as the introduction of aggressive behav-

ior. In Oecophylla, these mechanisms regulate the location

of the chain and prevent the formation of numerous and

inefficient ones. Moreover, experimental and theoretical results

show that, through such mechanisms, the colony can adjust the

number of chains: a small colony will not form more than one

chain, but a large colony will be able to produce several

functional chains (Lioni and Deneubourg, unpubl. data).

Our conviction is that these self-organized processes are

numerous despite the fact that the individual or group ben-

efits will differ and will occur in different situations. The

mechanisms involved in the aggregation and segregation of

the cockroaches amplification of the resting time and

chemical recognition could have their equivalent in dif-

ferent spatial organization of items by insect societies (Ca-

mazine, 1991; Deneubourg ct <//., 1991; Franks and Sen-

dova-Franks, 1992) and of workers from different castes or

from different mainlines or patrilines. For gregarious and

eusocial insects, communication relies essentially on chem-

ical signals and amplification mechanisms (Camazine el nl..

2001). Phenotypic recognition that is mainly chemically

based (Vander Meer and Morel. 1998; Rivault ct <//., 1998,

1999; Lenoir ct <;/.. 1999) can be modulated by genetic

background and environment and can be associated with

division of labor (Bonavita-Cougourdan and Clement,

1994; Wagner el ul., 1998).

In the context of self-organization and transition between

different social organizations, aggregation, and its resulting

increase in density, is a prerequisite for the emergence of

higher forms of cooperation. The density could be involved

in, or even lead, the process of the social differentiation. The

interplay between amplification mechanisms (e.g.. growth

or learning) and the competition in a cluster could be

enough to produce the social differentiation that has been

described for very different species, such as social spiders

(Rypstra. 1993). sea urchins (Grosjean et <//.. 1996), and ant

queens (Fewell and Page, 1999); for a model, see Bonabeau

ft ul. (1998).

Considering specifically the eusocial species, one of the

key questions is the emergence of division of labor. Though
there is no doubt that some genetic or physiological aspects

must be taken into account (Page and Erber, 2002), we can

assume that division of labor is also the result of self-

organized mechanisms where amplification is essential

(Beshers and Fewell, 2001). Eusocieties express a strong

correlation between the colony size and the level of indi-

vidual specialization (Anderson and McShea, 2001): the

bigger the colony, the higher the specialization. As we have

shown in the weaver ant (the number of chains depends on

the colony size) and the cockroach (aggregation and segre-

gation depend on the available place on a site), aggregation

can lead to segregation into a few clusters, depending on the

total population of the group. Thus, depending on their

location, the individuals constituting a cluster will have

different probabilities of being involved in one or another

task. For example, a cluster located close to the nest en-

trance will have a higher probability of interacting with the

foragers and being involved in collective recruitment. In

contrast, a cluster located close to the food reserves will be

stimulated to perform the tasks of sorting and management.
To summarize, task allocation and individual specialization

will be shaped by the dynamics of aggregation and segre-

gation, and in return these specialized activities will shape

the spatial organization within the nest.

The consequence of such a generic logic could then be

one of the keys to understanding the transition between

different forms of cooperativity, and therefore different

degrees of sociality. For instance, it could help to explain

how animal species have shifted, through evolution, from

solitary to some simple forms of social life. Furthermore, it

also brings new ideas on how a solitary species might be

manipulated to become gregarious, or how a gregarious

species might be manipulated to exhibit more complex
forms of cooperation and social specialization (see, e.g., the

experimental shift from solitary to social organization in the

spider Coelotes terrestrix, Gundennan el ul.. 1993). In this

context, it is important to notice that even solitary species use

amplification mechanisms based on the chemical marking of

resting sites or on trail orientation (see, e.g., for spiders, Saffre

et ul., 1997; B. Krafft. Universite de Nancy, pers. comm.).

Our theoretical results on cockroaches show that a slight

inter-attraction between the marking of different individuals

may induce the formation of a cluster (see also Saffre et ul.,

1999). We could hypothesize that, for some species, this

marking gives the opportunity to shift from solitary to

gregarious behavior: the greater this phenotypic recogni-

tion, the easier the shift towards gregariousness. Because

genetic proximity is one way to increase phenotypic recog-

nition, the clustering of individuals having a similar geno-

type should be easier, and the synergy between amplifica-

tion and genetic proximity should facilitate the emergence
of cooperation. Therefore, we consider haplodiploidy to be

one element that favors the evolution of cooperativity and

sociality, but not the keystone of the process.

Finally, positive feedbacks and their synergy with genetic

proximity and phenotypic recognition are essential to re-

solving cooperation problems and conflict situations. This

could explain why these aggregative mechanisms are so

widespread in group living systems.
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Abstract. This paper shows how colonies of social insects

process information and solve problems in a complex en-

vironment, while keeping some parsimony at the level of the

individuals' decision rules. Two studies on ant foraging

reveal the diversity of adaptive colony-level patterns that

can be generated through self-organization, based on the

same individual-level recruitment rules. Regarding prey

scavenging, the "ability to retrieve the prey" rule accounts

for changes in foraging patterns, with increasing prey size,

that show all stages intermediate between an individual and

a mass exploitation of food resources. Regarding liquid

food foraging, the "ability to ingest a desired volume" rule

enables a colony to adjust the number of tending ants to the

honeydew production of aphids. In both cases, decision

rules are based on intelligent criteria that intrinsically inte-

grate information on multiple variables that are relevant to

the ants. Furthermore, the environment can contribute di-

rectly to the emergence of collective patterns, independently

of any individual behavioral changes. Each environmental

factor, including abiotic ones, that alters the dynamics of

information transfer in group-living animals should be re-

considered not simply as a constraint but also as a part of the

decision-making process and as a agent that shapes the

collective pattern.
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Introduction

The Darwinian fitness of animals depends on their ability

to assess their environment and to decide accordingly which

behavior is the most appropriate. Ideally, group foragers

including social insects should measure all relevant pa-

rameters and process information related to environmental

resources and colony needs in order to optimize their for-

aging decisions. (For an optimization approach to foraging

in vertebrates see, for example, Krebs and Davies, 1991;

Giraldeau and Caraco. 2000; in social insects, see Oster and

Wilson. 1978; Schmid-Hempel etui. 1985.) However, in an

ever-changing environment, there may be an advantage to

making rapid decisions instead of perfectly informed ones

based on multiple time-consuming assessments. Further-

more, one can hypothesize that mechanisms have been

selected that enable animal societies to adaptively respond
to a complex environment, despite some simplicity of de-

cision rules at the individual level. Self-organization is a

means to generate such diversity, flexibility, and complexity
of collective responses from interacting individuals that

follow simple behavioral rules based on local information

(Camazine ct cil.. 2001).

The present essay illustrates how self-organized insect

societies adjust their collective response and track the com-

plexity and the diversity of the environment while showing
some parsimony of decision rules at the individual level.

The following related questions will be addressed in the

context of ants' foraging. How many different patterns can

be produced with the same behavioral rules? How do ant

societies cope with the complexity of their environment? Is

decision making based on assessments of multiple parame-
ters or of only a few relevant criteria? Can the environment

generate some of the diversity in collective foraging pat-

terns, without behavioral chance by the individuals?

268
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Diversity of Foraging Patterns and Parsimony

of Recruitment Decision Rules

Ant societies exhibit a high diversity of foraging patterns

that allow them to exploit resources efficiently, meet inter-

nal needs, and face environmental constraints. Ant scouts

are widely recognized as the primary agents that determine

the foraging choices of the whole colony since they decide

whether or not to lay a trail, and they modulate the intensity

of their recruiting behavior according to food characteristics

(for a review see Holldobler and Wilson. 1990; Traniello

and Robson. 1995: Detrain el <//., 19991. Though essential

for understanding the link between individual and collective

behaviors, decision-making processes related to information

transfer have scarcely been investigated through specifically

designed research protocols (see Roces. 2002). Two studies

on foraging, for prey or liquid food sources, illustrate how

the same decision rule, when operating under different

conditions, can give rise to different foraging patterns in ant

societies.

The first study (Detrain and Deneubourg. 1997) was

carried out on the dimorphic ant Pheidole pallidula, char-

acterized by two morphologically distinct castes of workers

(minor and major). Members of this species scavenge on

various sizes of insect prey and exhibit different foraging

patterns ranging from an individual retrieval of small prey

to a mass exploitation of large prey by a well-defined

foraging trail. We demonstrated that the resistance of prey

to traction, and its associated retrievability. governs the

decision of the forager to recruit nestmates. Indeed, by

simply preventing ants from moving a small prey away

(e.g., fruit flies pinned down on the substrate or placed

under a net), one can artificially increase the recruitment

trail intensity to a value similar to that observed for a large

prey item (e.g., a cockroach). This simple decision rule

based on prey retrievability generates all the major scav-

enging patterns of the ant species, as shown by the follow-

ing algorithm (Fig. 1). Success in prey carrying stimulates

the forager to move on and lay only a weak trail on its way
back to the nest; this results in the individual exploitation of

small prey. When these small food items are numerous and

aggregated, weak but frequent reinforcements of the trail

lead to a slow and progressive monopolization of the source.

Failure to retrieve the prey item is followed by an intense

trail-laying that mobilizes additional foragers to the discov-

ery site. Recruited ants can then either retrieve the prey

collectively or. if still unsuccessful, dissect it on the spot

and suck the hemolymph. Majors, which show a higher

response threshold to recruitment stimuli, are mobilized

only to large prey items when the trail is strongly reinforced

and highly concentrated. The powerful mandibles of those

large-headed foragers then facilitate the cutting of the prey.

In sum. the same decision rule generates several foraging

strategies that differ in their level of cooperation between

INDIVIDUAL I

RETRIEVAL
]

CUTTING & SUCKING PREY
AT DISCOVERY SITE

COLLECTIVE RETRIEVAL

Figure 1. Algorithm and decision-making process followed by the ants

during prey scavenging. Redrawn from Detrain and Deneubourg. 1997.

workers and leads to the emergence of the scavenging

strategy best suited to the circumstances.

In the second study (Mailleux el <//.. 2000). the foraging

strategies of ants exploiting sugary liquid sources such as

aphid honeydew were investigated by comparing the behav-

ior of Lasius niger scouts at sucrose droplets of different

volumes. When the food volume delivered exceeds the

capacity of a worker ant's crop, nearly all scouts (90%) lay

a recruitment trail. When a smaller droplet is offered, sev-

eral scouts return to the nest without laying a trail. The

percentage of trail-layers decreases with the droplet size, but

the number of chemical marks emitted by each trail-laying

ant does not change. The key criterion the scout uses to start

laying a recruitment trail is her ability to ingest a desired

volume, independently of the time spent drinking. This

volume is not a fixed value shared by all scouts but varies

from one ant to another. Desired volumes act as thresholds

that are normally distributed (see also Page el al., 1998;

Beshers and Fewell, 2001). The "ability to ingest a desired

volume" rule accounts for the collective regulation of for-

aging to the amount of food available, as shown by the

following algorithm (Fig. 2). If the ant is able to ingest its

desired volume, it lays a trail and recruits nestmates. If it

cannot obtain its desired volume due to small droplet size,

food depletion, or crowding at the food site, it searches for

additional droplets in the foraging area. If unsuccessful, it

goes back to the nest without laying a trail. This "desired

volume" decision rule allows the colony to adjust the num-

ber of tending ants to the honeydew production of aphid

colonies. Hence, information about the droplet size is not

represented at the individual level but rather at a group

level, through the fraction of trail-layers among returning

ants.

These two studies of ant foraging reveal that, in the

absence of centralized control, collective problem-solving
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Return without

trail laying

Able to ingest "^ NO
desired volume?

Figure 2. Algorithm and decision-making processes followed by the

ants when exploiting liquid food sources. Drawn from results of Mailleux

ft ai. 201)0.

and foraging strategies can emerge through simple rules for

information transfer between individuals. Moreover, in mul-

tiple-source situations, the same behavioral rule can pro-

duce different group-level patterns of exploitation: these

range from a scattering of foragers over all food items to a

focus on one or a few food sources (Nicolis and Deneu-

bourg, 1999).

The Concept of Intelligent Decision Criteria

One way for insect societies to cope with the complexity

of their environment is the use of intelligent decision criteria

at the individual level. Intelligent decision criteria do not

require the ant to make some complex and precise assess-

ment of all environmental parameters; instead, they rely on

cues that automatically integrate several variables (inside or

outside the nest). Since potential cues vary in their value as

indicators, one might expect that, through evolution, only

very good cues those with a high, reliable, and functional

informative content have been retained as decision crite-

ria. In oilier words, the "intelligence" of a decision criterion

results not simply from the use of cues that intrinsically

catch a part of the environmental complexity, but also from

the selection of the best cue that is, the one most pertinent

for the activity of the ants. Both recruitment strategies

described in the previous section are based on such intelli-

gent decision criteria.

As regards scavenging, prey retrievability is a seemingly

crude estimator of prey size. Nevertheless, it is a highly

functional decision criterion because it integrates informa-

tion not only about the size, the shape, and the weight of the

prey, but also about environmental factors that alter its

retrievability. Such factors would include the surface rough-

ness and slope of the soil and the density of the vegetation

(Fig. 3A). This decision criterion is also a means for each

forager to assess the current force of cooperating carriers

and the possible need to recruit additional helpers.

The "desired volume" criterion plays an essential role in

the regulation of foraging and in the adjustment of the

number of recruiting ants to the productivity profile of aphid

colonies (Mailleux, 2001). Monte Carlo simulations based

on this simple behavioral rule also predict the existence of

an optimum number of foragers that maximizes trail recruit-

ment for a given honeydew production (Fig. 4, see caption
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Figure 4. Regulation of the number of trail-laying ants as a function of

the number of foragers attending uphids. The curve was drawn for a total

production of 10 fxl honeydew by 400 aphids. each emitting 0.025 /nl of

droplet. Results from 2000 Monte Carlo simulations. After Mailleux, 2001.

The model assumes that an ant ingests, per second, a volume A\; = I0~
2

H\. The probability that an ant will slop ingesting food and leave a source

follows a stimulus-response function described in Mailleux et al., 2000.

When one source is exhausted, some ants have to leave it even though they

have not reached their desired volume. The probabilities for those "unsat-

isfied" ants ( 1 ) to discover an additional source per unit time is equal to

1/20 s
'

and (2 1 to leave the foraging area without laying a trail per unit

time is equal to 1/85 s '. Satisfied ants that succeed in ingesting their

desired volume lay the same amount of trail pheromone whatever the

number of visited sources or the ingested volume.

tor details about the model). This can be explained by the

decrease in the probability of trail-laying when foragers no

longer succeed in ingesting their desired volumes due to

temporary depletion of or overcrowding at the food sources.

Functionally, it means that the global trail intensity in-

creases with the foraging force as long as the supply of

honeydew exceeds the demand of the foragers. Conversely,

when the demand of the foragers exceeds the supply of

honeydew, fewer workers will lay a trail. Hence, the "de-

sired volume" is another intelligent decision rule that takes

into account the balance between supply and demand (Fig.

3B). This simple decision criterion indirectly assesses sev-

eral environmental factors related to honeydew production,

such as the number of aphids and the size or renewal rate of

emitted droplets. It also implicitly integrates characteristics

of the ant colony, such as its nutritive needs, the number of

feeding ants, and the ant species' body size and its related

crop load.

The existence of intelligent decision criteria that func-

tionally integrate multiple parameters should be generic for

all insect societies. Concerning honeybees, Seeley (1995)

emphasizes the importance of cues that incidentally convey
reliable information within the hive. One of these cues that

influence recruiting behavior is the time spent by a returning

forager searching in the hive for a nestmate willing to

receive her load of nectar or water (Lindauer. 197 1 ; Seeley.

1989). Similarly, in social wasps, the queuing delay that a

forager experiences waiting to be unloaded by a builder

conveys information on the colony's need for the materials

(pulp or water) (Jeanne, 1999). These temporal cues are

highly informative by-products of the colony's collection

(supply) and consumption (demand) of resources. It is

highly probable that intelligent decision criteria have been

selected preferentially among cues, like time-based ones,

that intrinsically alter the dynamics of a group response

based on amplification processes. (For the impact of time

delays on collective patterns in ants, see Goss et til.. 1989;

Detrain et ai. 1999.) Through evolution, the reliance of

recruitment modulation on such time parameters might have

enhanced their already existing effect on the dynamics and

hence on the efficiency of the colony response.

That intelligent decision criteria should also occur outside

the context of foraging is suggested by studies in ants on

nest emigration (Mallon and Franks. 2000), brood rearing

(Cassill and Tschinkel, 1999). nest excavation (Rasse and

Deneubourg. 2001). and colony fights (Lumsden and

Holldobler, 1983). As proposed by Seeley (1995) concern-

ing the use of cues in honeybee foraging, information trans-

fer based on intelligent decision criteria may evolve more

readily than that involving numerous signals coding for

each parameter. Indeed, this communication process in-

volves the tuning of only one or a few adaptive decision

rules based on preexisting stimuli.

Contribution of the Environment to the Emergence
of Self-Organized Patterns

Environmental factors, such as the distribution and abun-

dance of food resources (see Bernstein 1975; Kissing and

Wheeler, 1976; Holldobler, 1976; Hahn and Maschwitz,

1985). the presence of competitors (see Holldobler, 1976;

Acosta et ai. 1995), and the existence of predators (see

Nonacs and Dill, 1988), act upon the collective patterns of

ant colonies. One can question whether these collective

patterns arise through changes in the behavior of the ants or

as the direct result of the environment's properties. Evi-

dence of direct contributions of the environment comes

from the diversity of foraging patterns that emerge even

though individual ants behave similarly. Franks et al. ( 1991 )

demonstrate how the distribution and abundance of food

acts upon the recruitment dynamics of army ants and con-

tributes to the emergence of species-specific raiding pat-

terns. Colonies of Eciton hamatum have a dendritic raiding
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Figure 5. Influence of the substrate on collective choice of a foraging path. The number of trials (n = 32 I

is given as a function of path selection expressed as the percentage of all of the ants traversing the bridge that

chose the lightweight paper (.v-axis). After Detrain et al., 2001, Fig. 1, O Springer-Verlag. Used with permission.

pattern and attack wasp nests that are rare but large packets

of prey. Conversely, colonies of E. hnrcliclli have large

cohesive raids and prey mainly on common solitary arthro-

pods. One can elicit the splitting of an E. hiirchelli raid into

sub-swarms (close to the E. luimutuni pattern) simply by

manipulating the distribution of its prey, gathering them

into a few discrete, dense packets. Theoretical studies and

empirical knowledge also strongly suggest that an adaptive

plasticity and diversity of responses can arise from the same

behavioral rule applied in different environments (for a

review, see Cama/ine et al., 2001 ). Hence, different forag-

ing patterns can arise independently of any modulation of

trail recruitment since they can be simple by-products of the

hioiic environment.

Even the abiotic environment can directly contribute to

an ant colony's decision making. Traditionally, the impact

of the abiotic environment on foraging patterns has been

linked to changes in the behavior of individual ants, as in the

case of ambient temperature (Traniello et <//., 1984; Marsh.

1985). which influences the activity level, running speed,

and searchinu behavior of individual workers. Here we cast

new light on abiotic factors such as the substrate, which can

determine the collective choices of ant colonies without

altering or acting as a constraint to behavior at the individ-

ual level (Detrain et a/.. 2001). A nest of Liixius niger is

given access to a foraging area and a food source vin a

diamond-shaped bridge, the two branches of which are

identical except for the weight of the paper covering their

surface. Though paper is an artificial substrate, it allows us

to investigate the impact of a chosen abiotic factor on the

ants' foraging decisions. After the discovery of the food

source, the path covered with the light-weight paper is

followed by more than half of foragers in the majority of the

trials (72%. n = 32, Fig. 5). Surprisingly, this collective

preference for one foraging path cannot be linked to any

substrate-related change in the individual behaviors of

scouting or recruiting ants. Scouts make a similar number of

U-turns and walk at the same speed on both paths. Further-

more, after food discovery, similar percentages of ants are

engaged in trail-laying and emit the same average numbers

of chemical marks whatever the substrate of their foraging

path. Clear-cut choices of a foraging path appear to be
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driven by the substrate itself independently of any behav-

ioral changes at the individual level. Evidently, physico-

chemical differences between the two papers alter the ac-

cessibility of the trail pheromone to foragers and hence the

dynamics of information transfer by chemical trails. Monte

Carlo simulations confirm that these differences underlie the

ants' collective choices. Note that collective choices are not

unanimous (in about 28% of the trials, the heavy substrate

was chosen): these "unexpected" choices are signatures of a

self-organized process in which "errors" or less likely de-

cisions of the first foragers are amplified by positive feed-

backs such as trail recruitment. Hence, the abiotic environ-

ment can directly contribute to collective decision-making

by determining, through its physicochemical properties, the

dynamics of information transfer by chemical trails. This is

likely to apply to other information-laden signals such as

vibrations produced by stridulating ants, where the recruit-

ment range might depend on the resonance properties of the

substrate (Baroni-Urbani et al, 1988). Similarly, for nest

construction, the air stream could shape the structures built

by termites (regularly spaced pillars or walls) independently

of any individual change in building behavior (Bonabeau et

al., 1998). Even in vertebrates, some studies suggest that the

environment could determine the spatial patterns of animals

without altering their individual behavior (see Gerard et al..

2002). Hence, the role of the environment should be recon-

sidered not simply as a constraint but as a part of the

decision-making process, as a shaping agent of collective

patterns.

Conclusion

How animals acquire and integrate multiple and complex

information from their environment deserves closer analy-

sis. Among social insects, the individual has limited cogni-

tive abilities, assesses only local environmental parameters,

and cannot compare its experience to that of all its nest-

mates. Such limitations of the individual contrast with the

diversity of collective responses that efficiently track envi-

ronmental opportunities and challenges. Self-organization

allows insect societies to fill the gap between these two

levels of complexity. Global behaviors are generated

through competing amplification processes and limiting fac-

tors in which individuals follow a few simple decision rules.

Rules based on intelligent decision criteria have been se-

lected, since these enable individuals to automatically inte-

grate multiple sources of information that are relevant to a

behavioral strategy. The concept of intelligent decision cri-

teria should be more widely investigated for many activi-

ties, not only in group-living animals but also in solitary

ones, with the aim of understanding how animals cope with

the complexity of their world. In the future, new intelligent

criteria could be identified mainly among those parameters

such as energy or time that are now seen essentially as

optimization criteria (see Roces, 2002). This essay also

stresses the direct contribution of the environment to prob-

lem-solving. By altering the dynamics of information trans-

fer, some environmental parameters can be responsible,

together with simple decision rules, for the emergence of

adaptive collective behaviors in self-organized systems as

different as insect societies and vertebrate groups.
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Abstract. In large mammalian herbivores, the increase of

group size with habitat openness was first assumed to be an

adaptive response, encoded in the individual. However, it

could, alternatively, be an emergent property: if groups

were nonpermanent units, often fusing and splitting up. then

any increase of the distance at which animals perceive one

another could increase the rate of group fusion and thus

mean group size. Dynamical models and empirical data

support this second hypothesis. This is not to say that

adaptive modifications of mean herd size cannot occur.

However, this changes the way in which we can envisage

the history of gregariousness in large herbivores during the

Tertiary.

Introduction

Large mammalian herbivores, such as ruminants or kan-

garoos, make up groups that are easily recognizable in the

field: they consist of individuals located a short distance

from one another and most often engaged in a common

activity, for example, feeding, traveling, or resting. The size

of these groups is very variable and has been a matter of

study for ethologists and ecologists for about 40 years.

Two general trends were early identified. First, within a

species, group size tends to increase with population density
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(Spinage. 1969: Johnson. 1983: Wirtz and Lorscher. 1983:

Table 1 ). Second, herd size increases with habitat openness:

whereas groups are small in forested habitats, they are much

larger in grassland and other open landscapes. This second

trend was initially reported in African antelope taken as a

whole, considering the typical habitat and herd size of each

species (Estes. 1974; Jarman. 1974). It was then recorded

within species using habitats of varying openness (Leu-

thold. 1970: Evans. 1979: LaGory, 1986: Hillman. 1987:

Table 2: Fig. 1 ).

These two general trends were rapidly explained in two

diverging ways. As early as 1964, Caughley hypothesized

that groups of large herbivores were nonpermanent units

that often fused and split up. On this basis, the author

suggested that any increase in population density should

increase the rate of group meeting, and thus the average

group size. This purely mechanistic proposal is equivalent

to saying that group size is an emergent property, resulting

from multiple fusion and fragmentation events, and that it is

sensitive to variations of population density.

In contrast to Caughley's proposal, the variation of group

size with habitat openness was assumed to be a biological

adaptation, encoded in the individual. A central argument,

developed by Estes (1974) and Jarman ( 1974), was that in

closed habitat, a herbivore can easily reduce the probability

of being detected by predators by being discreet and, espe-

cially, by living in small groups. By contrast, in open

habitat, it is more difficult to escape notice. Being sur-

rounded by many conspecifics should then ensure the best

protection against predators because, in the event of an

attack, there is a high probability that the victim will be

another group member ("selfish avoidance of predators by

aggregation"; Hamilton, 1971). As a consequence, natural
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Table 1

Variation of group size with population density in different species of large herbivores (Macropus spp. are kangaroos, which are marsupials:

the other species are ruminants i.e., eutherians)
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more, this shows that Sibly's model is incompatible with the

hypothesis proposed by Caughley for the increase of group
size with population density.

Sibly's model was further developed during the 1980s

and 1990s, by introducing altruism towards relatives and/or

the possibility for group members to limit the increase of the

size of their group by repelling joiners (see Giraldeau and

Caraco, 2000, for a review). Indeed, the initial model ig-

nored kin selection. Moreover, by joining a group whose

size is larger than or equal to the optimal size, an individual

enhanced its fitness but lowered the fitness of the group

members, so that the latter could be assumed to repel the

joiner. Some of these modifications of the initial model

improve the first property described above in that they lead,

at equilibrium, to a mean group size that tends to be closer

to the optimal size. However, they do not improve the other

properties of the model. So, they remain both inconsistent

with the data recorded in large herbivores and incompatible

with Caughley's hypothesis.

Fusion-Fission Models

According to Caughley ( 1964), an increase in population

density should increase the mean size of groups that fre-

quently fuse and split up, by enhancing the rate of group
encounter and thus fusion. Following the same rationale, it

could be hypothesized that any increase of habitat openness,

and thus of the distance at which groups can perceive one

another, should increase the rate of group fusion, and thus

mean group size (Gerard et ai. 1993). This should at least

be the case, provided group fusion results from an attraction

between groups. Clearly, if group fusion results from simple

"collisions," then the distance at which animals can perceive

one another should be without influence.

The plausibility of this hypothesis was confirmed in the

mid-1990s, when Bonabeau and Dagorn (1995), Gueron

and Levin (1995), and two of the authors of the present

paper (Gerard and Loisel, 1995) developed new dynamical
models of group formation. These models contrasted with

Sibly's model in that groups were assumed to fuse and split

up without any group size being preferred by the individu-

als. They were in fact generalizations of a previous model

by Cohen (1971 ), in which "casual groups" were assumed to

increase or decrease by a single individual (see also Okubo.

1986: pp. 45-49).

The model by Bonabeau and Dagorn (1995) is probably
the simplest. First, the groups (solitary individuals included)

that compose the population are assumed to move al ran-

dom. Second, two groups arriving within the same portion

of space systematically merge, then behave as a single group.

Third, at each time step, a fraction p of the individuals leave

the groups they are in by temporarily becoming solitary.

In its basic version, the model by Gueron and Levin

(1995) differs from the latter in two aspects. First, two

groups arriving in view of each other merge with a proba-

bility that is independent of their sizes, but not necessarily

equal to 1 . Second, the groups are assumed to split into two

(and not only to lose single individuals) with a probability

|3.v,
where ft is a constant and .v, the group size. Here, /3 can

be interpreted as the probability with which any individual

adopts a trajectory differing from that of the other group
members and is possibly followed by some of them. In

practice, the size distribution of splitting groups is assumed

to be uniform.

The assumptions of our model (Gerard and Loisel, 1995)

are more complicated than those considered by Bonabeau

and Dagorn. and Gueron and Levin. First, as is more or less

implicit in the two latter models, each individual is assumed

to be able to detect any conspecific present inside an area a,

characterizing habitat openness. Second, each individual

oscillates in a probabilistic way between a "social" state and

an "individualistic" state. When in the social state, an ani-

mal joins every perceived conspecific, then behaves in such

a way as to stay with it. By contrast, when in the individ-

ualistic state, an animal moves without taking conspecifics

into account. As a consequence, groups fuse through attrac-

tion and split up. When two individuals (or groups of

individuals) in the social state perceive one another, the

individuals merge and form a single group. When an indi-

vidual (or a group of individuals) in the social state per-

ceives an animal in the individualistic state, it joins it. In this

case, the resulting group actually includes a leader, which is

the animal in the individualistic state. However, if, within a

group of this kind, a second individual turns out to be

individualistic, then the group includes two leaders moving

independently of each other; as a consequence, the other

group members distribute themselves at random (with prob-

ability 1/2) near the two leaders, and the group splits up.

The probability e of shifting from the social state to the

individualistic state and the probability ju,
of the reverse

shifting are fixed, so that the individual's behavior is inde-

pendent of habitat openness, population density, and group

size.

Though they rely on different assumptions, the Bonabeau

and Dagorn model (1995), the Gueron and Levin model

( 1995). and our model exhibit remarkably similar emergent

properties.

1 . The first property that the three models have in com-

mon is that the group size distributions obtained at equilib-

rium resemble those ordinarily recorded in large herbivore

populations: the group frequency exhibits a single maxi-

mum for isolated individuals or a small group size, then

monotonously decreases with group size; moreover, the

standard deviation of group sizes tends to be large when the

mean is large.

2. Whatever the model, the group size distribution ob-

tained at equilibrium for any given values of the parameters
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Appendix

Mean group size at equilibrium in the model by Bonabeau and Dagorn

We here correct an error made by Bonabeau and Dagorn

(1995) when deriving the mean group size from their fu-

sion-fission model. We further show that once the correction

is made, increasing the population density or the area per-

ceived by the individuals by a multiplicative factor k has

exactly the same effect on mean group size.

Analytical expression of mean group size

In the model by Bonabeau and Dagorn, space is divided

into N sites, the whole population included n individuals

(n <S N), and the individuals simultaneously present within

any given site are considered as the members of a single

group. At each discrete time step, a fraction p of the /;

individuals of the population leave the group they are in as

solitary animals, and are reinjected at random into the N
sites. In addition, each group moves towards a randomly

selected site, and the groups (and solitary individuals) en-

tering the same site aggregate to form a single group.

As a consequence of these assumptions, the expected

number of groups (i.e., the number of sites occupied) N
+

varies between two successive time steps according to:

N~(t + 1 )
= N^(t) + pn

[N
+
(t) + pn][N

+
(t) + pn

-
1] 1

2 N'

The denominator of the right part of the equation is N, and

not N2
as written by Bonabeau and Dagorn (1995). At

equilibrium, N
+

(t + 1 )
= N +

(t), so that the expected

number of groups is approximately

and the mean size of groups

\
f

2pN

Mean group size therefore varies with vn/N, and not

with V/i/A7 as found by Bonabeau and Dagorn. Further-

more, once corrected, the analytical expressions of the num-

ber and mean size of groups at equilibrium become strictly

equivalent to those obtained by Gueron and Levin (1995)

with their own model.

Effect of population clensit\ and habitat openness

In the model of Bonabeau and Dagorn, groups entering

the same site aggregate into a single group. So, a site can be

considered as an area in which any individual perceives its

conspecifics. If A designates the area available to the whole

population, then the area of each site is a = AIN. It follows

that the mean size of groups at equilibrium is

lad

where </ = nlA is the population density. It then appears that

multiplying the area perceived by the individuals (n) or the

population density (J) by a factor k has exactly the same

effect on the mean size of groups at equilibrium. The same

is true with the model by Gueron and Levin ( 1995) and ours

(Gerard and Loisel. 1995: appendix B).
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Abstract. Differences between related species are usually

explained as separate adaptations produced by individual se-

lection. I discuss in this paper how related species, which differ

in many respects, may evolve by a combination of individual

selection, self-organization, and group-selection, requiring an

evolutionary adaptation of only a single trait. In line with the

supposed evolution of despotic species of macaques, we take

as a stalling point an ancestral species that is egalitarian and

mildly aggressive. We suppose it to live in an environment

with abundant food and we put the case that, if food becomes

scarce and more clumped, natural selection at the level of the

individual will favor individuals with a more intense aggres-

sion (implying, for instance, biting and fierce fighting).

Using an individual-centered model, called DomWorld, I

show what happens when the intensity of aggression increases.

In DomWorld, group life is represented by artificial individuals

that live in a homogeneous world. Individuals are extremely

simple: all they do is flock together and, upon meeting one

another, they may perform dominance interactions in which

the effects of winning and losing are self-reinforcing. When the

intensity of aggression in the model is increased, a complex
feedback between the hierarchy and spatial structure results:

via self-organization, this feedback causes the egalitarian so-

ciety to change into a despotic one. The many differences

between the two types of artificial society closely correspond
to those between despotic and egalitarian macaques in the real

world. Given that, in the model, the organization chanses as a
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side effect of the change of one single trait proper to an

egalitarian society, in the real world a despotic society may
also have arisen as a side effect of the mutation of a single trait

of an egalitarian species.

If groups with different intensities of aggression evolve in

this way. they will also have different gradients of hierar-

chy. When food is scarce, groups with the steepest hierarchy

may have the best chance to survive, because at least a small

number of individuals in such a group may succeed in

producing offspring, whereas in egalitarian societies every
individual is at risk of being insufficiently fed to reproduce.

Therefore, intrademic group selection (selection within an

interbreeding group) may have contributed to the evolution

of despotic societies.

Introduction

The assumption that evolution occurs through a single

evolutionary process is no longer tenable (e.g., see Plotkin

and Odling-Smee, 1981), and multiple-level selection the-

ories have slowly become more accepted (e.g.. Hogeweg,
1994; Maynard Smith and Szathmary, 1995: Mitteldorf and

Wilson, 2000). Multiple-level selection processes may in-

clude some, or all, of the following factors: the multi-level

character of biological systems and natural selection oper-

ating on them (Lewontin, 1970; Hogeweg, 1994; Sober and

Wilson, 1998), self-organization and its consequences for

evolution (Boerlijst and Hogeweg, 1991), and nonlinear

genotype-phenotype mappings (Kauffman, 1993; Huynen
and Hogeweg. 1994; Kauffman, 1995).

Within this framework of multiple-level selection theo-

ries. I present in this paper an example of the way in which

a certain type of society may evolve. In studies of animal

behavior, a distinction is usually made between two types of

societies egalitarian and despotic. In her studies of birds,

Vehrencamp ( 1983) distinguishes between these two on the
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Appendix

Mean group size at equilibrium in the model by Bonabeau and Dagorn

We here correct an error made by Bonabeau and Dagorn

(1995) when deriving the mean group size from their fu-

sion-fission model. We further show that once the correction

is made, increasing the population density or the area per-

ceived by the individuals by a multiplicative factor k has

exactly the same effect on mean group size.

Analytical expression of menu xroup size

In the model by Bonabeau and Dagorn, space is divided

into N sites, the whole population included n individuals

(/i < AO, and the individuals simultaneously present within

any given site are considered as the members of a single

group. At each discrete time step, a fraction p of the 71

individuals of the population leave the group they are in as

solitary animals, and are reinjected at random into the N
sites. In addition, each group moves towards a randomly

selected site, and the groups (and solitary individuals) en-

tering the same site aggregate to form a single group.

As a consequence of these assumptions, the expected

number of groups (i.e., the number of sites occupied) N
+

varies between two successive time steps according to:

ATU) = A/

and the mean size of groups

N +
(t + 1)

= AT(r) + pn

P"
~

1 ]

2 N'

The denominator of the right part of the equation is N, and

not N2
as written by Bonabeau and Dagorn (1995). At

equilibrium, N +
(t + 1 )

= /V
+

(/), so that the expected

number of groups is approximately

~N^~WN'
Mean group size therefore varies with Vn/N, and not

with X/H/A/" as found by Bonabeau and Dagorn. Further-

more, once corrected, the analytical expressions of the num-

ber and mean size of groups at equilibrium become strictly

equivalent to those obtained by Gueron and Levin (1995)

with their own model.

Effect of population density and habitat openness

In the model of Bonabeau and Dagorn, groups entering

the same site aggregate into a single group. So, a site can be

considered as an area in which any individual perceives its

conspecih'cs. If A designates the area available to the whole

population, then the area of each site is a = AIN. It follows

that the mean size of groups at equilibrium is

lad

where d = nIA is the population density. It then appears that

multiplying the area perceived by the individuals () or the

population density (d) by a factor k has exactly the same

effect on the mean size of groups at equilibrium. The same

is true with the model by Gueron and Levin ( 1995) and ours

(Gerard and Loisel, 1995: appendix B).
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lection. I discuss in this paper how related species, which differ

in many respects, may evolve by a combination of individual

selection, self-organization, and group-selection, requiring an

evolutionary adaptation of only a single trait. In line with the

supposed evolution of despotic species of macaques, we take

as a stalling point an ancestral species that is egalitarian and

mildly aggressive. We suppose it to live in an environment

with abundant food and we put the case that, if food becomes

scarce and more clumped, natural selection at the level of the

individual will favor individuals with a more intense aggres-

sion (implying, for instance, biting and fierce fighting).

Using an individual-centered model, called DomWorld, I

show what happens when the intensity of aggression increases.

In DomWorld, group life is represented by artificial individuals

that live in a homogeneous world. Individuals are extremely

simple: all they do is flock together and, upon meeting one

another, they may perform dominance interactions in which

the effects of winning and losing are self-reinforcing. When the

intensity of aggression in the model is increased, a complex
feedback between the hierarchy and spatial structure results;

via self-organization, this feedback causes the egalitarian so-

ciety to change into a despotic one. The many differences

between the two types of artificial society closely correspond

to those between despotic and egalitarian macaques in the real

world. Given that, in the model, the organization changes as a
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side effect of the change of one single trait proper to an

egalitarian society, in the real world a despotic society may
also have arisen as a side effect of the mutation of a single trait

of an egalitarian species.

If groups with different intensities of aggression evolve in

this way, they will also have different gradients of hierar-

chy. When food is scarce, groups with the steepest hierarchy

may have the best chance to survive, because at least a small

number of individuals in such a group may succeed in

producing offspring, whereas in egalitarian societies every

individual is at risk of being insufficiently fed to reproduce.

Therefore, intrademic group selection (selection within an

interbreeding group) may have contributed to the evolution

of despotic societies.

Introduction

The assumption that evolution occurs through a single

evolutionary process is no longer tenable (e.g., see Plotkin

and Odling-Smee, 1981), and multiple-level selection the-

ories have slowly become more accepted (e.g.. Hogeweg,
1994; Maynard Smith and Szathmary, 1995; Mitteldorf and

Wilson, 2000). Multiple-level selection processes may in-

clude some, or all. of the following factors: the multi-level

character of biological systems and natural selection oper-

ating on them (Lewontin, 1970; Hogeweg, 1994; Sober and

Wilson, 1998), self-organization and its consequences for

evolution (Boerlijst and Hogeweg, 1991), and nonlinear

genotype-phenotype mappings (Kauffman, 1993; Huynen
and Hogeweg. 1994; Kauffman. 1995).

Within this framework of multiple-level selection theo-

ries, I present in this paper an example of the way in which

a certain type of society may evolve. In studies of animal

behavior, a distinction is usually made between two types of

societies egalitarian and despotic. In her studies of birds,

Vehrencamp (1983) distinguishes between these two on the
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basis of reproductive success. In egalitarian societies, the

reproductive success of all female group members is more

or less the same, whereas in despotic ones there is a great

variation in the reproductive success of individual females.

When the terms egalitarian and despotic are used for other

taxa, such as primates, these terms denote their so-called dom-

inance style rather than their reproductive success (Hand,

1986). Dominance style depends on the gradient of the hier-

archy (van Schaik. 1989): despotism signifies that the domi-

nance hierarchy is steep (which means that there is a great

difference in the success in fighting between individuals);

egalitarianism implies that the hierarchy is weakly developed.

Furthermore, in primates, particularly of the genus macaques,

these societies differ in a number of other characteristics: in

despotic societies aggression is more unidirectional, social

behavior is correlated more strongly with dominance, grouping

is less cohesive (de Waal and Luttrell. 1989; Thierry, 1990),

mate choice is more selective, and male migration is more

frequent (Caldecott, 1986). Whereas each of these differences

between related species is usually explained as a separate

adaptation shaped by individual selection, I propose to show in

this paper how a despotic species may evolve from an egali-

tarian one by a combination of individual selection, self-orga-

nization, and group-selection, involving an evolutionary adap-

tation in one single trait only.

How individual selection and self-organization may op-

erate, I will explain with the help of an individual-centered

model of a group-living species, called "DomWorld"

(Hemelrijk, 1999a,b. 2000). How group selection may favor

the survival of groups with the steepest hierarchy above

groups with weaker gradients of the hierarchy. I will explain

with the help of an ecological model at an evolutionary

time-scale designed by Ulbrich ct til. ( 1996).

The Model DomWorld (Dominance World)

A summary of DomWorld may suffice ( for a more complete

description, see Hemelrijk ( 1999b. 2000)). The model is based

on only a small number of essentials of social life. It represents

a homogeneous virtual world inhabited by agents that are

provided with only two tendencies: to group (right half of Fig.

1 ) and to perform dominance interactions (left pail of Fig. 1 ).

Why agents actually do group (whether this is to avoid pred-

ators or because resources are clumped) is not specified and

irrelevant to the model. The same holds for dominance inter-

actions. They reflect competition for resources (such as food

and mates), but these resources are not specified.

When an individual is activated and it does not see

another agent close by (within its personal space, see Pers-

Space in Fig. I ), then grouping rules come into effect. It

starts looking for others at greater and greater distances

(Near View = 24 and Max View = 50 units). If even then

no one else is in sight, it turns over a SearchAngle (Fig. 1 )

Rules
Dominance Grouping

(OJHERSMAXVIEW

/ ~v~
[

IYES] [NO]

TURN
ISEARCH-ANGLEI

Figure 1. Flow chart fur the behavioral rules of agents.

in order to rejoin its group. In this way individuals tend to

remain in a group.

If, however, an agent sees another agent close by, within

its personal space (PersSpace
= 2 or 4). a dominance

interaction takes place. The likelihood that an agent initiates

an aggressive interaction increases with its chance to defeat

its opponent (Hemelrijk, 2000). The agent's capacity to be

victorious (reflected in its dominance value) depends on

chance, on its current dominance value (which initially is

the same for all individuals), and on the self-reinforcing

effect of the outcome (winning a fight increases the proba-

bility of winning the next one and losing decreases it). This

is known as the "winner and loser" effect and has been

empirically established in many animal species (e.g., see

Chase, 1985). After victory, the dominance value of the

victorious agent increases and that of its defeated opponent

is reduced by the same amount. When, unexpectedly, an

agent defeats a higher ranking opponent, the dominance

values of both opponents are changed by a greater amount

than when an agent conquers, as expected, a lower ranking

opponent (this result conforms to detailed behavioral studies

on bumblebees by Honk and Hogeweg. 1981). In this way

the model allows for rank reversals. After a fight, the winner

chases the opponent, and the defeated agent flees.

Groups usually consist of 8 to 10 individuals. The behav-

ior of the agents is analyzed by means of behavioral units

and statistical methods similar to those used for observing

real animals.

Natural Selection and Self-Organization

Group life of primates (including macaques) is generally

supposed to have evolved as a protection against predators

(van Schaik and van Hooff. 1983; van Schaik, 1989). Egali-

tarian primate societies, at least those of macaques, are thought

to precede despotic ones evolutionarily (Matsumura, 1999:

Thierry ct til., 2000). Correspondingly, let us suppose that a

group-living egalitarian species lives in an environment in

which food is abundant, and therefore its competition is low

and its aggression mild (consisting of, for instance, threats and
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animals when unfamiliar individuals are put in a group to-

gether, but the decline of aggression has so far never been

attributed to a widening of the group.) A consequence of the

decline of aggression is that the hierarchy becomes more stable

((3) in Fig. 3). Further, because low-ranking individuals flee

from everyone else, they end up at the periphery of the group;

this automatically leaves the dominants in the center ((5) in

Fig. 3). This spatial structure develops in spite of a total lack of

any preference of the individuals to be in the center. Yet such

a preference (a so-called centripetal instinct) is assumed in the

"selfish herd" theory by Hamilton (1471). It is supposed to

have been evolved because individuals are better protected in

the center, where they are shielded on all sides from possible

predators. However, the model shows that even without such a

centripetal instinct, whenever the hierarchy is steep, we must

expect a spatial structure with dominants in the center.

Spatial centrality, in turn, stahili/.es the hierarchy and

supports its differentiation ((5) and (6) in Fig. 3). This arises

because the spatial structure causes individuals to be close

to partners of similar dominance rank: therefore, if inciden-

tally a dominance-reversal occurs, it is usually between

individuals that are similar in dominance, and thus the

extent to which dominance values are changed is only a

minor one. In this way, the spatial structure strengthens the

hierarchy ((?) and (6) in Fig. 3). This becomes evident when

we eliminate spatial centrality. We can do this by decreasing

the SearchAngle. If the SearchAngle for returning to the

group is made smaller, so that individuals return more

slowly and the group therefore spreads out more and more,

no spatial structure develops. In this case (for the same

number of dominance interactions), the hierarchy becomes

weaker (i.e., dominance values differentiate less) than in

cohesive groups (Hemelrijk. 1999a). The steeper hierarchy

in cohesive groups is thus partly due to a feedback rein-

forcement of the hierarchical development under the influ-

ence of spatial structure.

We may also include the sexes in the model; for instance, by

making two classes of individuals that differ in initial domi-

nance value and intensity of aggression (both are made higher

lor "males" than lor "females"). Unexpectedly, it turns out that

at a high intensity of aggression, female dominance over males

is greater than at a low one. This arises because a stronger

differentiation of the hierarchy causes some females to reach

high dominance and some males to become very low in rank.

Consequently, some females become dominant over some

males. This is of interest, because in comparative studies

between egalitarian macaques (with mild aggression) and des-

potic ones (with tierce aggression). Thierry (1990) notes that

despotic adult females remain dominant over fast-growing

adolescents longer than females in egalitarian species do

(which is in accordance with DomWorld). He attributes this to

a stronger coalitionary tendency among kin-related individuals

in despotic species than in egalitarian ones. DomWorld, how-

ever, shows that greater female dominance may also arise as a

Contest Competition

Food Scarcity

(2)

Food Abundance +

Most Despotic Groups

with Steepest

Hierarchies Survive



EVOLUTION OF COMPLEX DESPOTIC SOCIETIES 287

model represents, among other things, colony survival, repro-

ductive behavior, the kind of competition for food ("contest" or

"scramble" competition), and feeding behavior. If food is

clumped, it leads to contest competition, whereby dominants

get more than subordinates; if it is scattered and unpredictable,

everyone gets about the same (so-called scramble competition,

see Nicholson. 1967). Results show that during levels of food

scarcity, colonies where there is contest competition survive

longer than colonies in which competition is of the scrambling

type. This is a consequence of the steeper dominance hierarchy

and, therefore, greater variety in body-size of members, which

allows a small number of dominant individuals to eat all the

food so that at least some of the females are sufficiently

nourished to reach reproductive age. In this way, because some

individuals in more intensely despotic groups are likely to

survive and reproduce, the group itself may survive (although

the number of its members decreases during periods ot dimin-

ished food availability). In contrast, in groups with a weaker

hierarchy, food will be distributed more evenly and no single

individual may reach reproductive success (see also Rypstra.

1993). Thus, severe shortage of food in clumped patches may
result in group selection in favor of the most despotic societies

((3) to (4) in Fig. 4).

Note that in macaques, adult males usually migrate from

their natal group to other groups. Therefore, the degree of

despotism in macaques is defined on the basis of the dom-

inance hierarchy among the females. Also, the survival and

extinction of "the group" implies the core group of females

only, because they are the resident sex. Among such female

resident core-groups, we may expect that when food is

scarce, group selection will lead to better survival of those

groups that have a steeper hierarchy (in accordance with the

findings in social spiders).

Discussion

Changing only one trait intensity of aggression in the

model leads to a great number of phenotypic differences at

the level of the individual and of the group. Thus, by

changing the intensity of aggression in DomWorld, as sug-

gested by the hypothesis for egalitarian and despotic ma-

caques (McKenna. 1979; Thierry. 1985a. b. 1990). we may
switch from an egalitarian society to a despotic one. Inten-

sity of aggression is not the only variable, however, that can

produce such a cascade of effects. If we increase cohesion

under one and the same level of intensity of aggression

(which must lie somewhere between medium and high

values), the society becomes more despotic in all its char-

acteristics (Hemelrijk. 1999a). The question of whether

stronger cohesion of groups is also accompanied by greater

despotism in real primates must be studied empirically.

Thus, the model shows how self-organization causes non-

linearity in the connection between the behavioral rules and the

observed behavior (which respectively correspond to the ge-

notype and the phenotype). These results of DomWorld may
also be relevant to results of a selection experiment with fish by

Ruzzante and Doyle (1991. 1993). After two generations of

selection for speed of growth, an increase in growth speed

among fish fed on clumped food (leading to intense competi-

tion) was accompanied by three effects: a decrease in aggres-

siveness, an increase in density of schooling, and an increase in

social tolerance. According to the authors, selection for fast

growth results in a high threshold for aggression, and this

threshold also genetically influences the other two features of

social behavior cohesion and social tolerance. These find-

ings resemble those from DomWorld; but in DomWorld only

the intensity of aggression is changed "genetically." and all

other changes of social behavior are mere side effects. Such

parsimonious explanations may be relevant to many species of

despotic animals that have been studied and possibly even to

plants, where a kind of despotism is also described (for a study

on a hemiparasite, see Prati et ai, 1997).

Groups with different degrees of intensity of aggression may
be liable to group selection similar to that suggested for spiders

by Ulbrich et til. ( 1996). Group selection has always been a

controversial issue. The only studies in which any evidence has

been produced (Bradley. 1999) concern invertebrates (namely,

a species of virus, social spider, and ant). However, designating

group selection as a useful explanation for behavior of (non-

human) primates is usually avoided (Bradley, 1999). Yet.

primates utter alarm calls that, though they are at the expense

of the fitness of the individual that uses them, may serve to

protect group members (both kin and non-kin). When alarm -

calls are more beneficial for the group than they are costly for

the individual, they will evolve by group selection, as ex-

plained by differential selection among groups for the same

trait so-called intrademic group selection (Wilson. 2001).

Computer models show how such an intrademic group selec-

tion favors altruistic traits, particularly under harsh conditions

(Mitteldorf and Wilson. 2000; Pepper and Smuts. 2000).

Similarly, I suggest that group selection may operate on a

non-altruistic trait, namely intensity of aggression, in primate

societies in which there is sharp contest competition for food

(during harsh conditions). Such stronger competition leads to a

more asymmetrical distribution of food intake, and by guaran-

teeing that at least some individuals of a group reproduce, aids

group survival (of the core group of the resident sex).

Note that in the other transition, from despotic societies to

egalitarian ones (see Fig. 4). progressively milder aggres-

sion would be favored by selection on the level of the

individual and the group, because less energy is wasted on

conflicts. In this case, selection at t'te level of the group and

the individual will be weak, and self-organization will not

be operative. Thus, a different numi'fr of processes are at

work depending on the direction of t'io transition between

egalitarian and despotic societies.

The different ways in which selection may act (namely,

on self-organized patterns, and on the level of the individual
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and the group) illustrate how we may envision a multiple-

level selection theory for the creation of a despotic society.

Although, for the sake of clarity in the sketch I have given

above. I have made individual selection, self-organization,

and group selection function one after the other, in reality

they operate mostly simultaneously in different proportions

(Lewontin, 1970).
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Scaling in Nests of a Social Wasp:
A Property of the Social Group
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Abstract. The numbers of brood cells in nests built by

founding swarms of the Neotropical social wasp Polybia

occidentalis closely correlate with the numbers of wasps in

the swarms. We analyzed nests of different sizes to deter-

mine how they scale with respect to the allocation of brood

cells among combs. Three patterns were evident: compared
to smaller nests, larger nests have (1) more combs and (2)

larger combs; and (3) among nests containing the same

number of combs, the last two combs diverge in relative size

as nest size increases. Taken together, these results suggest

that members of a swarm somehow "know" the size of the

swarm they are in. This information feeds back to individual

builders, which quantitatively modulate their responses to

stigmergic cues in ways that result in the nest-size-scaled

allocation of brood cells among combs. The patterns also

suggest that swarms fine-tune the final size of their nests by

making corrections as they build.

Introduction

The process of nest construction by a social wasp colony

does not differ fundamentally from nest construction by a

solitary wasp. In each case individuals construct the nest by

executing a series of discrete innate building acts. Each act

adds to the nest one new load of material, oriented in

response to cues intrinsic and extrinsic to the nest. As far as

we know, in no social insect species do individual workers

specialize only in certain kinds of building activity over

* To whom correspondence should be addressed. E-mail: jeanne@

entomology.wisc.edu
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their lifetimes. That is, every individual in the colony pos-

sesses the full repertory of acts required to build the nest.

Thus, even the most complex nests of colonial species

could, in principle, be constructed by a solitary individual

working alone, given enough time. To the extent that this is

true of the social wasps, it argues that the broad, species-

typical form of the nest does not depend on properties of the

group or on processes such as self-organization, but is

simply the result of the additive contributions of individual

actions by individual actors. In this view, the construction

process is directed by a mechanism in which builders re-

spond to stimuli arising from the structure of the nest.

Interactions among builders are only indirect, mediated by

the structure they are cooperating to build, a mechanism

referred to as stigmergy (Grasse, 1959; Theraulaz and Bona-

beau, 1995; Camazine el ai. 2001).

But are there any patterns in the nest of a social species

that are under the more direct influence of the social group?

Here we provide evidence that the answer is yes. We show

for a swarm-founding social wasp, Polybia occidentalis

(Olivier), that nests of different sizes scale in ways that

point to a quantitative modulation of the building rules in

response to feedback about the size of the swarm.

Nest Construction in Polybia

Polybia occidentalis is a Neotropical wasp whose nesting

behavior has been described in some detail (Forsyth, 1978;

Jeanne. 1986, 1996). Colony-founding swarms comprise a

small number of queens and a large number of workers. As

a swarm arrives at the nest site it has chosen, a few workers

immediately begin constructing the first downward-ori-

ented, hexagonal cells. These are attached directly to the

substrate, typically a twig. As more cells are added radially,

the developing comb takes on a discoid form, extending

freely from both sides of the twig. As the comb grows, there

is space for increasing numbers of workers to become
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engaged in building. Meanwhile, the queens begin laying

eggs in the cells.

When the first comb reaches a certain size, the builders'

behavior makes a qualitative shift (qualitative stigmergy;

Camazine et ai, 2001 ). Instead of adding more cells to the

edges of the comb, workers begin extending the outer walls

of the peripheral cells downward and outward to initiate the

envelope, starting at the back and sides of the comb. As this

sheet grows, it is warped toward the center to form a

domelike covering about 2 cm below the comb (Fig. 1A).

The envelope is not completely closed, however; a 1-cm

opening is left in the front to provide an entrance to the

comb. Then in the reverse qualitative shift, the second comb

is immediately begun, the walls of its cells being drawn

downward from the lower surface of the envelope just

completed. This comb is expanded from the center (bottom)

of the supporting envelope outward toward its margins (Fig.

IB). A new envelope is constructed over it in the same

manner as the first. Then the next comb is begun in the same

way. The alternation between construction of combs and

envelopes continues until the nest is large enough to house

the adult wasps of the swarm and the brood they will rear.

The entire construction process typically takes a week to 10

days. The nest remains at this size for many weeks or

months; thereafter, enlargement occurs episodically (Wen-

zel, 1993; AMB, unpubl. data).

Thus the nests of P. occidentalis are modular, each mod-

ule consisting of a comb and its envelope. Swarms work in

complete modules: each comb + envelope module is con-

structed to its final size before the next one is begun, and it

is rare for a founding swarm, once it starts a new comb, to

leave it half-finished or uncovered (RLJ and AMB. pers.

obs.).

P. occidentalis swarms vary widely in size, yet each is

able to construct its nest with a number of cells that corre-

lates closely with the number of wasps in the founding

group (Forsyth, 1978; Jeanne and Nordheim, 1996). A sim-

ilar pattern is seen among founding groups of Polish's

(Wenzel, 1996). The size of the nest built by the swarm may
well optimize the trade-off of opposing costs such that

colony output is maximized. On the one hand, if the swarm

builds too few cells, it will not have the space to house the

brood it is capable of rearing, and the subsequent rate of

colony growth will be limited. On the other hand, if the nest

is much larger than required to house the brood population,

forager mortality may be high due to the extra foraging

demands for nest material, leaving too few workers to rear

the brood efficiently (O'Donnell and Jeanne, 1992).

The form the nest takes is a function of two sets of

decision processes engaged in by individual builders in the

colony. One is the decision by a worker as to what kind of

building act to engage in. P. occidentalis workers perform

three primary kinds of building acts: brood-cell-wall con-

struction, envelope construction, and surface thickening for

Figure 1. Nests ot I'olxhia in-culcntiilni under construction. (A) En-

velope construction. The envelope covering comb 3. whose cells are visible

inside, is nearing completion. The rim of dark material is recently added

carton, still wet. As more material is added to the envelope edge, the

opening will be constricted to form the new entrance to the nest, just below

the current entrance (line). The greatest width of the nest is about 6.5 cm.

(Bl Comb construction, frontal view. The nest entrance, center, opens into

the space between comb 2 and its envelope, which forms the bottom of the

nest. Comb 3. its cells exposed on the lower surface of the envelope

covering comb 2, is expanding outward with the addition of new cells.

When the cells reach the angled edge of the envelope, their outer walls will

he extended downward and outward to initiate envelope 3, beginning at the

hack of the nest. Note the campanulate shape of the nest. The giealest

width of the nest is about 5 cm.

reinforcement of the upper nest walls (Jeanne. 19S6). The

second set of processes has to do with the orientation of the

material being added to the nest during a particular kind of
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Table 1

Descriptive statistics fur tit? Polybia occidentalis colonies used in the

study

Component
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Figure 4. Distributions of sizes of individual combs as a function of overall nest size. Each graph plots sizes of

combs of the indicated ordinal comb number. (A) Comb 1; (B) Comb 2; (C) Comb 3; (D) Comb 4. Within a graph,

each plot is of nests of the same total comb number, in: solid triangles: in = 2 (i.e., 2-comb nests); open triangles: in =

3; solid circles: m = 4; open circles: in = 5. For all regression lines shown, P < 0.001 (regression for comb I in

2-comb nests: P = 0. 1 1 ). Solid lines represent linear regression equations for nests of the same comb number, m: (A)

m = 2: v = 16.76 + 0.1 7.v. f = 0.37; m = 3: y
= 6.87 + 0.08*, r = 0.58; in = 4: v = -5.07 + 0.05*, r = 0.60;

HI = 5: v = -0.08 + 0.03.V, r = 0.55. (B) m = 2: v = - 16.76 + 0.83.V, r = 0.93; m = 3: v = 7.71 + 0.30*. r =

0.9l;m = 4:y = -3.91 + 0.17.x, r = 0.77; m = 5: y = 15.31 + 0.09.V, r = 0.66. (C) m = 3: y
= -14.58 + 0.62*,

r = 0.96; m = 4: v = 42.55 + 0.30.V. r = 0.96; m = 5: v = -38.64 + 0.2Zv. r = 0.95. (D) m = 4: y = -33.57 +

0.48.V. r = 0.93; in = 5: y
= 84.35 + 0.28.x, r = 0.90. Dashed lines represent fitted linear regression equations for

all data in each graph (i.e.. comb i for all nests): (A) Comb 1 : y = 43.5 + O.Ol.v, r = .25, n = 78. (B) Comb 2: y =

133.1 + 0.05.V, r = 0.43, n = 78. (C) Comb 3: y
= 254.5 + 0.1 Iv. r = 0.58. n = 70. (D) Comb 4: y

= 230.2 +

0.24.V, r = 0.73, n = 46. Note that the scale of the y axis increases in the graphs from A through D.

same number of combs, m, (Fig. 4, solid regression lines) as

well as across the set of all nests of 2-5 combs (Fig. 4.

dashed regression lines).

Among nests of m combs, the last two combs diverge in

relative size as nest size increases

The third pattern is the least clear-cut, but is worth noting

nonetheless. Within each set of nests of a given number of

combs (m), the proportions of cells in combs m vs. m -
I

tended to diverge as nest size increased (Fig. 5). Although the

slope of only one regression differed significantly from zero

(comb 3 of 4-comb nests) and the slopes of the regression lines

for the last and the next-to-last combs differed significantly

from each other only for 4-comb nests, for all four sets the

slope of the regression of cells in comb m on total cells in the

nest was positive, but that of comb m I was negative.

The number of combs in the nest depends on how indi-

viduul builders respond to the choice, "Now that the enve-

lope is complete over comb i. do I initiate cells of comb ; +
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large a nest it will build, or does it make corrections as it

goes? Three observations suggest that the latter is the case.

First, whereas the correlation between the size of combs 1

and 2 is relatively strong (/
= .83; n = 85 ). the correlation

of comb 1 with later combs progressively weakens. The

ability of comb 1 to predict the overall nest size is not very

good (r = .46). Second, the amount of variance in comb

size that is explained by nest size increases with comb

number, i (Fig. 4, r values increase, A-D). Third, there is

substantial overlap in size among nests of m and m + 1

combs, especially for nests of m > 2 combs (Fig. 2; Figs.

5B-D), suggesting that swarms adjust final nest si/e by

deciding whether to add a final module. The overlap is

probably due to variation in the sizes of the first few combs

built by swarms of similar size. Consider, for example, two

swarms, each of which will ultimately build a nest of 2000

cells. Nests of this size may have four or five combs (Fig. 2).

If swarm A builds combs 1-4 smaller than average, it will

build a 5th comb, but this final comb will not need to be

much bigger than comb 4 to achieve the total of 2000 cells

in the nest (see Fig. 5D). On the contrary, if swarm B builds

combs 1-3 larger than average, then it will get the 2000

cells by adding one more comb, but that comb will have to

be disproportionately larger (see Fig. 5C). The nest of

swarm A is toward the low end of the size distribution of

5-comb nests, while that of swarm B is toward the high end

of the size range of 4-comb nests. The combs of nest B will

average 25% larger than those of nest A. As Figure 5 shows,

however, most of this average difference in proportions

tends to be absorbed by the last comb.

Taken together, these observations suggest that swarms

fine-tune the final size of their nests in the later stages of

construction. Thus, although comb I aims roughly in the

direction of the ultimate nest size, the trajectory toward the

final nest size is guided en route, rather than ballistically

following from comb 1 .

Conclusions

The construction of a nest by a social insect colony involves

the performance of a set of behavior patterns that vary in

species-specificity and evolutionary age (Wenzel, 1996). Some

may be invariant across higher taxa. The use of the mandibles

to manipulate nest material, for example, is universal among
social Hymenoptera and Isoptera and apparently pre-dates the

evolution of sociality in both groups. The rules by which nest

material is applied in response to stigmergic cues from the nest

also vary in their taxonomic breadth.

At one extreme, tactile feedback via the antennae is used

to center construction of a shared cell wall between opposite

walls of two adjacent brood cells and to determine the size

of the cells (West-Eberhard, 1969). This is an example of

the use of the body as a template to produce the regular

hexagonal pattern of the comb. This building rule probably

varies little if at all among species of social wasp, except in

the interesting case of the Vespinae, where the queen builds

worker-sized cells, and the workers (which are smaller)

build both worker- and queen-sized cells.

At the other extreme are species-specific rules those

that result in the nest architecture characteristic of a species.

In our view, there is little evidence that the resulting patterns

in nest structure at any of these levels are emergent prop-

erties of a self-organizing process. Rather, they appear to be

largely the products of quantitative and qualitative stig-

mergy (Camazine et ai, 2001 ).

At the intraspecific level, however, things may work

differently. The evidence we have presented clearly indi-

cates that Polybia occidentalis swarms are able to allocate

brood cells among combs so that size and number of combs

scale with swarm size. What mechanism could give rise to

this pattern? Several previous studies have suggested ways
that groups of social insects might build their nests to a size

that accommodates them. One possibility is that the mass of

the swarm itself serves as a template to adjust the size of the

nest to the size of the swarm. This appears to play a role in

construction of the two-dimensional nests of Leptothorax

ants (Franks et ul., 1992; Camazine et ai, 2001 ). Swarms of

Metapolybia wasps build nests of single combs on a flat

surface. A ring of "guards" is arrayed around the comb as it

is constructed (Forsyth, 1978). If the guards are a fixed

proportion of the swarm, then expanding the comb to the

ring could produce a nest of the right size. But use of such

a template cannot explain the scaling patterns seen in P.

occidentalis, whose three-dimensional nests are extended

into open space below a supporting twig, while the bulk of

the swarm remains clustered to the side on the twig.

A related idea is that construction stops when the nest is

large enough to house the swarm (Camazine et ai, 2001 ). In

its simplest form, this mechanism would predict that comb

size would be constant across swarm size and that larger

swarms would simply build nests with more combs. It does

not explain our observation in P. occidentalis that the scal-

ing of the nest to swarm size begins with the first comb and

continues throughout construction.

A third possible mechanism is that cells are constructed

to keep up with the oviposition rate of the laying queens

(Deleurance, 1950; Camazine et ul., 2001; but see Wenzel,

1996). Again, this mechanism cannot be working in P.

occidentalis, because cells are built at a rate that well

outpaces the collective rate of oviposition by the queens in

the swarm (RLJ and AMB, pers. obs.).

A fourth possibility is that self-organization plays a role.

However, there is no evidence that the scaling of the nest

proportions by a particular swarm is an emergent pattern

arising at the colony level from interactions among workers,

nor is there any apparent involvement of positive feedback

in the process.

None of these mechanisms adequately explains our re-
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suits. Likewise, stigmergic cues, although important, arc

clearly insufficient alone to account for the swarm-size-

dependent patterns we see among nests. Instead, we suggest

the following mechanism. All three of the scaling patterns

we describe for P. occidentalis indicate that information

about group size flows from the group to the individual

builders. We suggest that the quantitative rules governing

the details of nest size and proportions in response to

stigmergic cues are plastic and are modulated by group size.

Although nothing is yet known about the building rules or

stigmergic cues used by P. occidentalis, the following hy-

pothetical example illustrates how this mechanism might

work. The size of a comb may be determined by a rule

according to which a builder decides between adding an-

other new cell at the periphery of the comb being con-

structed and beginning the envelope for that comb. The

quantitative set point for such a rule apparently differs

according to whether the builder is in a large or a small

swarm. A possible stigmergic cue in this case is the angle of

the surface of the envelope on which the cells are being

built. The first cells in the comb are built in the center of the

envelope, that is, where the envelope's curved surface is

tangent to a horizontal plane, or 0. Because the envelope is

domed, as the comb expands radially across the surface of

the envelope, each new cell is built at a steeper angle from

the horizontal than the previous cell (Fig. IB). Thus, the

behavioral rule in the context of a small swarm might be, "If

the angle at which the current edge of the comb is >25,
then begin building the envelope instead of adding another

cell." We suggest that in a large swarm, this quantitative set

point may be nudged up to, say, 30 in response to infor-

mation about swarm size fed back to the builder from the

group. This change would result in a comb's being larger

when being built by a large swarm than when built by a

small swarm. Because the envelope subsequently built over

the larger comb would also be larger, the increased size

would propagate itself throughout the remaining modules of

the nest. In other words, we are hypothesizing that infor-

mation about group size modulates the quantitative set

points of the rules of response to stigmergic cues.

In conclusion, we see little evidence that self-organizing

processes play a role in nest construction in Polyhia occi-

dentalis. Rather, construction of the species-typical features

of the nest can be understood as quantitative and qualitative

stigmergic mechanisms, wherein cues from the nest struc-

ture at each stage of construction provide information to the

builders as to what building act to perform next, where to

perform it. and how to orient the addition of the new

material. In accomplishing these tasks, individual workers

interact only indirectly, via the structure of the nest (Cam-

azine et al., 2001 ). We have provided evidence that changes
in nest proportions accompany changes in swarm size. We
argue that these patterns cannot be explained by stigmergy

alone, but appear to involve direct communication, no doubt

through cues, of information about the size of the group. In

response, builders subtly modulate their responsiveness to

quantitative stigmergic cues so as to yield the appropriate

nest proportions. Although the mechanisms by which

group-size information is transferred to, perceived by, and

acted upon by individuals are unknown, there is little evi-

dence that a self-organizing process is involved.
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Abstract. Heterogeneous, "aggregated" patterns in the

spatial distributions of individuals are almost universal

across living organisms, from bacteria to higher vertebrates.

Whereas specific features of aggregations are often visually

striking to human eyes, a heuristic analysis based on human

vision is usually not sufficient to answer fundamental ques-

tions about how and why organisms aggregate. What are the

individual-level behavioral traits that give rise to these

features? When qualitatively similar spatial patterns arise

from purely physical mechanisms, are these patterns in

organisms biologically significant, or are they simply epi-

phenomenu that are likely characteristics of any set of

interacting autonomous individuals'* If specific features of

spatial aggregations do confer advantages or disadvantages

in the fitness of group members, how has evolution operated

to shape individual behavior in balancing costs and benefits

at the individual and group levels? Mathematical models of

social behaviors such as schooling in fishes provide a prom-

ising avenue to address some of these questions. However,

the literature on schooling models has lacked a common
framework to objectively and quantitatively characterize

relationships between individual-level behaviors and group-

level patterns. In this paper, we briefly survey similarities

and differences in behavioral algorithms and aggregation

statistics among existing schooling models. We present

preliminary results of our efforts to develop a modeling

* To whom correspondence should be addressed. E-rmiil: |pnrnxh<

u.washington.edu

This paper was originally presented at a workshop titled The Limit-, in

Self-Organization in Biuln^icnl Smemx. The workshop, which was held at
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tration under Cooperative Agreement NCC 2-896.

framework that synthesizes much of this previous work, and

to identify relationships between behavioral parameters and

group-level statistics.

Types of Aggregations

Aggregation occurs in the smallest organisms bacte-

ria and the largest whales and spans virtually the en-

tire extant diversity of taxon, habitat, trophic level, life-

history strategy, degree of mobility, and many other

biological characteristics (Fairish and Edelstein-Keshet,

1999; Camazine et ai, 2001). Physical aggregation can be

regarded as part of a continuum in group integration. At one

end of this continuum are territorial animals with little need

to engage in information transfer and no need for group
structure. At the other end are highly integrated, long-term

associations between individuals that know and perhaps

are even related to other members of the group, and in

which members can potentially have high rates of direct and

indirect information exchange. Honeybee hives, cetacean

pods, and human communities are examples of these highly

integrated groups (Wilson, 1975). In these systems, estab-

lished pathways of long-term communication between

known individuals (clones, siblings, reciprocating group

members), or at predetermined locations (the hive, the calv-

ing grounds, the dinner table), may supplement immediate

sensory contact. Thus, the members remain part of the

"group" even while they range widely in space. In these

dispersed groups, coordinated function can be maintained as

long as the necessary information is transferred between

group members (<'.#., the sensory integration systems of

Morris and Schilt. 1988; Schilt and Morris, 1997). though

distance between interacting components inevitably affects

the evolution and stability of emergent group properties

(Hillier and Hanson, 1990; Latane et al., 1995).

246
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Between these extremes of group integration are what

could he considered "prototypical" animal aggregations

herds, swarms, flocks, and schools. Within the fishes, over

50% of species school that is. display synchronous and

coordinated movement at some point in their life histories

(Shaw, 1978), and an unknown additional number aggregate

more coarsely. Prototypical aggregations exhibit coordi-

nated motion, but group members are generally unrelated

and never develop lasting relationships (in the game-theo-

retic, "tit-for-tat" sense) with other members. Many of these

groups are extremely large (e.g.. a school ot a billion

herring). Individuals in such groups interact with a neigh-

borhood of other members, but those may represent a van-

ishingly small fraction of the group as a whole. This sug-

gests that mechanisms which maximize information transfer

among individuals could be evolutionarily beneficial. One

example of this is a repeated arrangement within the group.

reminiscent of crystal lattices, in which individuals assume

preferred positions and orientations relative to their neigh-

bors. Such arrangements could, for example, maximize sen-

sory contact between members in such as way as to reflect

ambient conditions, and the organisms' predominant sen-

sory systems, morphology, etc. (Parrish. 1992; Parrish and

Edelstein-Keshet, 2000).

We can characterize possible behavioral adaptations in

members of these groups on at least two levels: ( 1 ) short-

term reactions to modify position with respect to immediate

neighbors; and (2) behavioral responses that do not neces-

sarily improve position relative to immediate neighbors but

that contribute to group-level characteristics that ultimately

benefit the individual by benefiting the group. These group-

level adaptations are among the most fascinating and the

most difficult to assess aspects of animal aggregations.

Pattern versus Function

Human perception tends to recognize attributes of the

whole: an even density profile, polarity, distinct edges, or

specific shape. While it is tempting to assume that conspic-

uous features of biological aggregations are somehow ben-

eficial, the existence of qualitatively similar patterns that

arise from physical phenomena shows that this need not be

the case. For example, some shapes found in three-dimen-

sional schools (e.g., torus and funnel) are echoed in two-

dimensional insect configurations (e.g.. wheel), suggesting

that such shapes may be adaptive for group members (Fig.

1). However, these patterns could be evolutionarily neutral,

or even pathological. Virtually identical shapes can be

found in a wide range of inanimate aggregations, from water

vapor to planets, in which these patterns arise from simple

abiotic interactions between individual components, in the

absence of evolutionary dynamics. Key steps in understand-

ing biological aggregations in nature must be to distinguish

biologically relevant features from nonadaptive epiphenom-

ena, and to more explicitly and mechanistically describe the

links between individual behaviors and group pattern.

Dynamic patterns and movement are necessary charac-

teristics of many biological aggregations, and are perhaps

better criteria to distinguish adaptive responses from epi-

phenomena. For example, tish schools display complex

emergent properties such as coordinated motion and di-

rected activity. Compression, hourglass, vacuole. fountain,

and flash expansion (Fig. 2; Pitcher and Parrish, 1993) are

all maneuvers that minimize predatory risk only if all mem-
bers perform them correctly (e.g.. Fairish, 1989). Parabolic

formations in tuna schools may allow cooperative hunting

advantages (Partridge ct ai. 1983). These emergent group

properties appear to have readily apparent biological inter-

pretations, and physical analogs may be harder to find.

However, these dynamic group properties clearly confer

more evolutionary advantages under some circumstances

than others (e.g.. evading small predators that target indi-

viduals while becoming targets for large predators that

target groups; Parrish. 1993). Furthermore, the key evolu-

tionary question remains: do these behaviors involve trade-

offs between short-term gain for the individual and long-

term functioning of the group? If so, what is the

evolutionary context in which selection for these behaviors

occurs?

Traffic Rules

Assuming structure is advantageous, how is it main-

tained? Laboratory and field attempts to address this ques-

tion in fish schools have been limited (Partridge and Pitcher.

1980; Aoki el ai. 1986; Parrish and Turchin, 1997). in part

because obtaining three-dimensional trajectories on specific

individuals for a relevant period of time is difficult. Data

that do exist are typically from highly artificial conditions

(e.g.. relatively small schools in highly lit still-water tanks;

Parrish and Turchin, 1997). Three-dimensional tracking

techniques have not yet advanced to the stage where it is

feasible to observe large schools (i.e., over 10), in three

dimensions, over long times (i.e.. for more than seconds).

Despite these difficulties, quantitatively accurate observa-

tions of fish behavior within schools will undoubtedly be-

come available in the next few years. However, while those

data will provide a means of assessing short-term behavioral

responses by fish to neighbors within a group, they will not

by themselves provide the strong linkage between individ-

ual and group characteristics that we require to understand

the mechanics and evolution of schooling behaviors.

Making this linkage requires an additional approach,

namely, mathematical or computational models of school-

ing behavior. These models posit a specific, quantitative set

of behavioral interactions essentially, they create a set of

traffic rules and quantitatively assess the emergent prop-

erties of the resulting schools. Ideally, both the inputs (i.e..
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Figure 1. Three- and two-dimensional expressions of emergent structure in animate and inanimate aggre-

gations whorl patterns. Left: tornado structure in fish (top) and water vapor (bottom). Middle and right: whorl

and toroid in planets, tish. ants, and water vapor, clockwise from top left. Top left reprinted with permission by

FPG; bottom left courtesy of National Severe Storm Laboratory; middle top and bottom courtesy of National

Aeronautic Space Administration; top right taken by Norbert Wu. www.norbertwu.com 1999; bottom right

taken by T. Schneirla and reprinted with permission by W. H. Freeman & Company.

individuals' responses to neighbors) and model output

(group-level characteristics) can be compared to data from

real aggregations.

A key puipose of modeling is to distinguish behavioral

cause from organizational effect by studying the conse-

quences of various hypothetical social interaction rules.

Most simulation models of animal aggregations in the lit-

erature assign a set of forces that act on the speed and

direction of each individual and are modulated in response

to other individuals or the local environment. Typical force

components include locomotory (e.g., biomechanical forces

such as drag), aggregative (e.g.. long-range attraction, short-

range repulsion), arrayal (e.g., velocity matching), and ran-

dom (e.g., individual stochasticity; Griinbaum and Okubo.

1994). The detailed biomechanics of locomotory forces are

usually not considered in fish schooling simulations. In-

stead, most simulations simply associate behavioral move-

ment "decisions" with the movements that result. However,

there are exceptions, notably a few modeling studies that

specifically address hydrodynamic interactions between

members of a school (e.g., Weihs, 1973).

Published modeling studies have for the most part ad-

dressed a relatively restricted range of behavioral algo-

rithms. Most analyses focus on variation in one of three

categories: behavioral matching, positional preference, and

numerical preference.

Behavioral matching (aka allelomimesis: Deneubourg

and Goss, 1989) occurs when the individual agents try to

match their behavior with other nearby agents. Most often,

behavioral matching is modeled by having each agent ex-

plicitly match its orientation with that of its nearby neigh-

bors (e.g., a zone of parallel orientation: Aoki. 1982: Huth

and Wissel, 1992: Dill ct <//., 1997; Table 1, Fig. 3). Less

often, fish match their speed, either to that of their compan-

ions, or to some arbitrarily decided value (e.g., Romey,

1996; Vabo and N0ttestad, 1997).

Positional preference refers to each fish having a pre-

ferred position relative to one or more of its companions.
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Figure 2. Examples of coordinated movement and directed activity, both emergent properties of fish

schools, which are also commonly cited defense tactics against predatory attack. Fig. 12.8. from Pitcher and

Fairish 1993. Reprinted with permission from the author and Kluwer Academic Publishers.

Usually, positional preference is formulated as a preferred

distance to one or more nearest neighbor(s). Variations on

positional preference include assigned distance zones (e.g.,

repulsion, parallel orientation, attraction, searching) within

which neighbors are treated equally (Huth and Wissel,

1992; Stocker, 1999) or continuous distance weighting

(Warburton and Lazarus, 1991: Reuter and Breckling, 1994;

Romey, 1996). In some models, other positional parameters

influence responses, such as bearing angle to neighbors, or

estimated collision time (Dill el al., 1997). The biological

underpinning is obvious: that individual group members do

not collide, that groups do not dissolve, and that stragglers

join. Taken together, behavioral matching and positional

preference describe what a fish should do, e.g., move to-

wards or away from neighbors, align with neighbors, search

for neighbors (Fig. 3; RPOA dependence. Table 1 ), and how

much consideration it should give any neighbor in the

perception field (neighbor scaling rule. Table 1 ).

Numerical preference refers to the number of neighbors

to which a fish pays attention, which we generically refer to

as the rule size. Variations include an a priori value (e.g.. 4:

Warburton and Lazarus, 1991) or a conditional value (e.g..

choose up to 4 in the nearest zone: Aoki. 1982; choose up
to 4, front prioritized: Huth and Wissel. 1992). Many simply

have each fish average over all other fish (e.g.. all visible:

Reuter and Breckling, 1994; Vab0 and N0ttestad. 1997: all

fish: Romey, 1996).

In general, modeling studies of schooling have been

limited in several important respects, which future studies

should aim to improve upon. Most models have used a

relatively small population (e.g., 8 to 20 fish; Table 1),

despite the fact that several studies point out that small

numbers of fish may produce artificial results (e.g., Romey,

1996). Most models have operated in two dimensions. Al-

though this may be justified on the basis of computational

resources, generalizing from two to three dimensions may
not be straightforward. Many models include some stochas-

tic or chaotic elements: however, the degree of replication in

modeling studies is generally lower than ideal to character-

ize the frequency distributions of possible outcomes.

Most simulation studies also assume that all individuals

are identical. Romey (1996) has shown that the inclusion of

a single fish with different traffic rules will alter schooling

(measured as group speed and turning rate). Furthermore,

the inclusion of multiple agents with one of two rule sets

produces sorting (Romey, 1996), which may translate into

emergent properties (e.g., horizontal bands versus extended

columns of ungulates. Gueron el a/.. 1496). The possibility

that variability within the group may not only affect emer-

gent properties such as coordinated movement and spatial

pattern, but may also itself be an emergent property, clearly

deserves further consideration in modeling studies.

The parameter space explored by each model is typically

only a small subset of possible variations, which ideally

would include variations in (at least): initial position and

velocity; the strength and type of stochastic components;

spatial distribution of repulsion, parallel orientation, and

attraction; and degree of variation between individuals in a

group (Table 1 ). Because most studies are not consistent in
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Table 1

Siininiiiry offish school simulation parameters and output variables. R/PO/A-sequential zones of repulsion, parallel orientation (variably used), and

attraction \\here "zone" implies equal force within a proscribed area (see Figure 3). Direction matching implies the use of a zone of parallel

orientation. All other definitions as in the text. Numbers in parentheses refer to footnotes.

Reference

Population

Size Starting Orientation Velocity

R/PO/A

Dependence

Direction

Matching? Neighbor Scaling Rule Size

Aoki (1982. 1984) 8,32

Warburton & Lazarus 2-9

(1991)

Huth & Wissel 8

(1990. 1992. 1994)

Reuter & Breckling 10.20.30,

1 1 994 1 40, 50

Random position & Random Zone (I, 2)

orientation within

bounded area

Regular square lattice Not specified Linear distance

Romey (1996) 2-10

Vab0 & Nottestad 900

(1997)

Stocker (1999) 12.64

Random position & Random

orientation in fixed

area

Random position. Not clear

orientation &

speed within

bounded area

Random position & Constant

orientation within

bounded area (5)

Random position & Constant

orientation within

bounded & fixed

areas

Random position & Constant

orientation within

bounded area

Zone ( 1 )

Linear distance

Linear distance

Discrete distance

Zone ( 1 )

Yes Position, weighted by Up to 4

front priority

No Constant 1-8

Yes Constant; Single Up to 4, front

choice (4) prioritized

Yes Distance-weighted All visible

average (1/D; l/D')

No Constant All

No Single choice (7) All visible

Yes Constant Variable (8)

Reference
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Table 2

Aggregation indices at the individual, group, or population level iiteil ti> cva/iiute truffle rule-, in nur .\iniiilution

Index
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RandomForce Drag A/R function Neighbor Rule Size

Low High Convex Scaling 4
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linear) (Constant)

Curvature
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portance of this distinction is that emergent properties may
be closely tied to indirect behavioral adaptations, which

benefit individuals by benefiting the group. To satisfy the

definition of emergent properties, the larger system (the

group) must possess them, while its components (the indi-

vidual members) do not (Clark ft nl.. 1997). To a large

extent, designating a group characteristic as "emergent" or

not is a matter of degree. For instance, models in which

individuals actively align their directions to those of neigh-

bors typically produce polarized groups (Huth and Wissel,

1992, 1994; Renter and Breckling. 1994; Stocker, 1999),

but this is probably too direct an outcome of the assump-
tions to be considered an emergent property. Dill ft al.

( 1997) pose a model in which each fish estimates its time to

impact with other fish. In such a system, agents implicitly

consider their neighbors' orientation, velocity, and position,

rather than explicitly doing so. Collision avoidance would

therefore seem to be a direct outcome and not an emergent

property of this model. However, what about the converse:

is polarization an emergent property of collision-avoidance

behavior?

From a biological perspective, an operational distinction

might be to consider whether the group behavior benefits

the members because of their memhership. For example,

Grunbaum (1998) used model results to suggest that when

individuals simultaneously display gradient-climbing and

alignment behaviors in a noisy environment, groups to

which they belong more accurately climb environmental

gradients, whereas loners can not. If displaying both behav-

iors is costly to an individual, but it nonetheless benefits by

being part of a group in a better environment, this would

qualify as emergent under this criterion.

Given the relatively underdeveloped state of schooling

behavior models and observations that unify individual,

group, and population characteristics, it is unavoidable that

studies of the evolutionary "hows and whys" of schooling

remain somewhat speculative and oversimplified. Nonethe-

less, several studies have attempted to incorporate evolu-

tionary ideas into schooling models by allowing iterative

improvement of parameters, using an objective function as

an analog to "fitness" in the evolutionary sense (Huse and

Gjoesaete, 1999; Bonabeau et til., 2000). For instance, Hira-

matsu et al. (2000) link a standard simulation of schooling

(a la Huth and Wissel. 1992) to a genetic algorithm that

selects the width of the parallel orientation zone, the size of

the blind angle, the number of influential neighbors, and the

neighbor scaling rule (front, side, or distance priority, ran-

dom choice) to maximize fitness. In this case, fitness is

modeled as the minimization of four output variables: near-

est neighbor distance, polarization, expanse, and fractal

dimension. As a result, parallel orientation zone is maxi-

mized and blind angle is minimized. A larger question is

whether this definition of most fit that is. least vari-

able is correct?

Simulation studies like these hinge directly on two ques-

tions (1) what is optimal, and (2) what is the relationship

between individual and group optimality? Such questions

are certain not to have simple or universal answers. It is

unlikely that we will soon attain complete, realistic models

of an aggregating organism's life history that would allow

us to truly represent "fitness" in a population with evolving

behaviors. However, we are optimistic about the role of

schooling simulations in addressing two central issues

raised in this paper. First, we believe model studies will be

successful in elucidating the mechanistic relationships be-

tween individual-level behavior and the group-level spatial

patterns they produce. Second, we expect that the combi-

nation of explicit observations of schooling fish, improved
simulations of the observed behaviors, and expanded use of

statistical indices of aggregation on real and model aggre-

gations will prove sufficient to identify the true behavioral

algorithms used by fish.
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Abstract. Leaf-cutting ants cut vegetation into small frag-

ments that they transport to the nest, where a symbiotic

fungus cultivated by the ants processes the material. Since

the harvested leaf fragments are incorporated into the fun-

gus garden and not directly consumed by the workers, it is

expected that foraging workers select plants by responding

to those physical or chemical traits that promote maximal

fungal growth, irrespective of the potential direct effects of

these leaf features on them. In this paper I summarize

experimental work focusing on the decision-making pro-

cesses that occur at the individual level, and discuss to what

extent individual complexity contributes to the emergence

of collective foraging patterns. Although some basic fea-

tures of self-organizing systems, such as the existence of

regulatory positive and negative feedback loops, are ex-

pected to be involved in the collective organization of

leaf-cutting ant foraging. I contend that they are combined

with complex individual responses that may result from the

integration of local information during food collection with

an assessment of colony conditions.

Social Foraging in Leaf-Cutting Ants: Self-Organized?

Leaf-cutting ants are the dominant herbivores in the Neo-

tropics. They cut vegetation into small fragments that they

transport to the nest, which may contain over a million

workers. To support these large colonies, workers search

out and harvest plant species that are suitable for the devel-

opment of the colony's resident symbiotic fungus. Adults
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Laboratory, and funded by the National Aeronautics and Space Adminis-

tration under Cooperative Agreement NCC 2-8 c)d.

obtain more than 90% of their energy requirements during

foraging from the plant sap of the cut material (Littledyke

and Cherrett. 1976). The fungus garden, which represents

the sole food source of the developing brood, appears to be

responsible for the ability of the ants to utilize most of the

available plant species. Since the harvested leaf fragments

are incorporated into the fungus garden and not directly

consumed by the workers, it is conceivable that ants and

fungus have conflicting requirements for the quality of the

plants to be harvested. On the one hand, ant workers may

prefer resources that support maximal rates of fungus

growth, more or less irrespective of the attractiveness of the

plant sap being imbibed during the harvesting process. On

the other hand, workers may base decisions about the qual-

ity of a given resource on the immediate availability of

energy to support their foraging activity. Given these two

different demands, the herbivory patterns of leaf-cutting

ants can be understood only by investigating the measures

used by foraging workers when making decisions and the

extent to which the behavior of the individuals is influenced

by the state of the symbiotic fungus. For that, emphasis

should be put on both the kind of information workers use

during foraging and the integration of individual responses

that results in the emergence of a collective pattern. Leat-

cutting ants appear to be well suited to analyze this interplay

between individual and social aspects of foraging. At the

individual level, information is available about the rules

used by workers to decide on the size of the leaf fragment

to be cut (Roces, 1990a; Wetterer, 1990. 1991a: Burd, 1995.

1996). At the colony level, studies have provided details

about plant selection and foraging activity of colonies in

the field U-.t,-.. Howard. 1990. 1991: Nichols-Orians and

Schultz, 1990).

In trying to understand the contribution of regulated,

self-organizing processes to the emergence of collective

foraging patterns in colonies of leaf-cutting ants, it is im-
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portant first to draw attention to three features of the colony-

level foraging patterns that would not, a priori, be expected.

First, workers show strong preferences for a few plant

species but persist in harvesting numerous species that

remain, in a consistent way, only slightly preferred (Rock-

wood, 1976). Second, plants are usually abandoned before

they are completely defoliated, even those that are ranked

among the most preferred (Cherrett, 1968: Fowler and

Stiles, 1980). Third, ants travel long distances on foraging

trails to reach plant resources, with individual round-trips

lasting several hours; and they bypass conspecific plants of

apparently equal quality located much closer to the colony

(Cherrett, 1983).

To explain such complex foraging patterns, three hypoth-

eses have been advanced. The optimal foraging hypothesis

(Fowler and Stiles. 1980: Rockwood and Hubbell, 1987)

suggests that the observed patterns are the result of workers

foraging to maximize the rate of resource delivery. Accord-

ing to that reasoning, a distant plant of moderate quality

located close to an existing foraging trail may provide a

higher return than a nearby plant of much higher quality, but

at some distance from a trail. Thus workers may abandon

plants being harvested when a new plant offering a higher

rate of return is found. The resource conservation hypoth-

esis (Cherrett, 1983) suggests that the ants limit the damage
caused to highly preferred or nearby resources, thus conser-

vatively managing resources over the lifespan of their col-

ony. Finally, the nutrient balance hypothesis (Powell and

Stradling, 1991: Stradling and Powell, 1992) contends that

the harvested resources represent a complementary diet for

the symbiotic fungus, so that ants are expected to seek out

a variety of plants to provide the fungus with an appropriate

mix of nutrients and to avoid high levels of any single toxic

secondary plant compound.
As predicted by Howard ( 1991 ), it has proven difficult to

evaluate the extent to which colony-level foraging patterns

are uniquely explained by any one of these hypotheses.

Moreover, the mechanisms underlying the short- and long-

term dynamics of plant selectivity are completely unknown.

Are self-organizing processes able to account for such com-

plexity in pattern formation, without the need to invoke

complexity in the decision-making processes at the individ-

ual level? In recent years, investigations of self-organization

in biological systems have suggested that social insect col-

onies often work as a decentralized system composed of

cooperative, more or less autonomous units distributed in

the environment that manage local information and exhibit

simple probabilistic stimulus-response behavior (Bonabeau

et ai, 1997). My present contribution focuses on both the

decision-making processes observed in individual leaf-cut-

ting ant workers and the integration of individual behavior

into colony function. I shall first describe the kind of infor-

mation single workers use to make decisions about resource

quality, and then discuss the emergence of collective pat-

terns and to what extent regulatory, self-organizing pro-

cesses may be involved.

Decision Making During Foraging:
Individual Complexity

In the field, scout workers from a colony of leaf-cutting

ants search for suitable resources and, upon discovery, they

decide whether a given resource is worth communicating to

other nestmates. Plant selectivity is mainly based on both

chemical and physical features of the leaves (Howard, 1987;

Nichols-Orians and Schultz, 1990). If the source is attrac-

tive, workers may decide to return to the nest, laying a

chemical trail, or to cut a fragment and carry it back to the

nest. Polymorphic leaf-cutting ant foragers frequently har-

vest leaf pieces that correspond in mass to that of their own

bodies (Lutz. 1929; Cherrett, 1972). This, in part, results

from the geometric method of leaf cutting. Since workers

anchor on the leaf edge by their hind legs and pivot around

them while cutting arcs out of the leaves, the load-size

selected may be directly determined by a fixed reach while

cutting, dependent on worker body size (Weber, 1972).

However, there is evidence that not all workers cut frag-

ments as large as they are able to, which suggests a more

flexible mechanism of load-size selection in leaf-cutting

ants. For instance, foraging distance was shown to affect

load-size selection in Acromyrmex liindi ants cut larger

fragments farther from the nest (Roces, 1990a) but not in

Ana cephalotes (Wetterer. 1991b). For an ant of a given

size, CheiTett (1972), Rudolph and Loudon (1986), Roces

and Holldobler (1994). and Burd (1995) found a negative

correlation between leaf area density (leaf mass/leaf area)

and the size of the harvested fragment.

To understand these decision rules, it should be empha-
sized that in species with recruitment communication, for-

aging behavior includes not only the collection of food but

also the transmission of information about its location and

quality. Because colony food intake is increased through

recruitment communication, even at the expense of reduced

foraging performance of the individuals, there may be a

trade-off between time spent either in acquiring food or in

recruiting nestmates, especially during the initial phase of

exploiting a food source. This interplay between food-col-

lection behavior and recruitment behavior was analyzed in

leaf-cutting ants under controlled experimental conditions

(Roces, 1993; Roces and Nunez, 1993). The question of

whether the information about food quality obtained during

recruitment communication influences the cutting behavior

of recruited workers was addressed in an attempt to inte-

grate individual behavior into colony function. Attention

was not centered on the successful scout ant that initiated

recruitment, but on the behavior of recruited workers that

were confronted with standardized stimuli rather than with

the original food source. Their responses to these stimuli
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were compared after they were informed about tood sources

of different qualities.

The rationale of the experimental approach was as fol-

lows: in independent assays, scout workers of the leaf-

cutting ant Acromyrinex liindi were first exposed to droplets

of scented sugar solution of either 1% or 10% sucrose.

Scouts detected these droplets and returned to the colony,

leaving a chemical recruiting trail. When the recruited

workers arrived, they encountered, not sugar solution, but

sheets of Parafilm impregnated with the same scent, con-

taining no sugar. Since all recruited workers found the same

standardized material (Parafilm as a pseudo-leaf), differ-

ences in cutting behavior between the groups must be the

result of the information transmitted by the scout worker

that initially found the sugar solution (Roces and Nunez.

1993).

Several behavioral parameters of the recruited workers

were observed to depend on the information about food

quality they received from a single recruiting scout. Work-

ers recruited by scouts that found 10% sucrose will be

referred to as "10%-workers." and those recruited by scouts

that found 1% sucrose as "1%-workers", but it should

remain clear that both groups encountered a sugar-free

pseudo-leaf at the source. The 10%-workers (i.e., those

recruited to the better food source) cut smaller fragments of

Paratilm. returned to the nest at higher velocities, and dis-

played more active recruiting behavior (by laying chemical

trails) than 1%-workers. In another experiment, recruited

workers were confronted with small pieces of paper ot a

homogeneous size. They still traveled at a faster pace if they

had been recruited by 10% -scouts, indicating that the dif-

ferences in speed found in the previous experiment were not

caused by differences in loading. More interesting, greater

velocity did not compensate for the reduction in fragment

size: 10%-workers, despite their higher velocity, showed a

lower rate of leaf transport to the nest than 1%-workers

(Roces and Nunez, 1993).

These results contradicted the most obvious functional

hypotheses and led to a vivid discussion (Kacelnik, 1993;

Clark, 1994; Roces, 1994a; Ydenberg and Schmid-Hempel,

1994). Different hypotheses were examined. The "delivery

rate maximization hypothesis" would suggest that a behav-

ioral strategy leading to maximum rate of leaf delivery is

independent of real or expected sugar content. Since 10%-

and 1%-workers behaved in a different manner when cut-

ting the pseudo-leaf, they could not have maximized leaf

delivery rate in both treatments. Workers could, however,

have been maximizing a compromise between leaf delivery

rate and some unknown costs associated with travel speed.

If such a cost exists, 10%-workers may pay it (i.e., may run

faster) if the value of the food source is greater. Thus they

would achieve a higher rate of leaf delivery for a high-

quality resource. Indeed. 10%-workers were observed to run

faster, but why did they cut smaller fragments? The out-

lined hypothesis failed to explain these changes in cutting

behavior.

An alternative hypothesis, called the "information trans-

fer hypothesis." (Roces and Nunez. 1993) focused on the

recruitment strategies of workers, and was based on the

original proposition advanced by Nunez (1982) when ana-

lyzing partial crop-filling and foraging behavior in honey

bees (see also Varjii and Nunez, 1991, 1993; Schmid-

Hempel, 1993, for a detailed discussion about honey bee

foraging). The idea was that the decision to transfer infor-

mation about a newly discovered food source motivates a

worker to shorten its cutting behavior and to return to the

nest sooner to recruit additional nestmates. A worker sac-

rifices its individual leaf delivery rate, but the colony as a

whole increases its harvesting rate due to the recruited

workers that joined in the resource-gathering activity

(Roces and Nunez. 1993). This hypothesis was consistent

with the higher travel speed and the reduced leaf fragment

size in 10%-workers. By cutting smaller fragments, 10%-

workers saved cutting time; and by increasing speed, they

saved travel time. This hypothesis could, in addition, ac-

commodate the more intense trail-marking behavior ob-

served in 10%-workers.

Further support for the information transfer hypothesis

was obtained by analyzing the behavior of recruited workers

in more detail, addressing the changes in worker responses

after the perception of recruitment signals (Roces, 1993).

The behavioral responses of recruited workers have rarely

been investigated in ants (Beckers et til., 1992), despite the

fact that they are responsible for the amplification and

establishment of a recruitment process. The experimental

approach was similar to that outlined above. Attention was

not centered on the successful scout ant that initiated re-

cruitment, but on the behavior of recruited workers that

were confronted with standardized stimuli rather than with

the original food source. Their responses to these stimuli

were compared after they were informed about food sources

of different qualities. Scout workers of the leaf-cutting ant

Acroniymu'.\ linuli were first exposed to droplets of scented

sucrose solution of different concentrations. Once at the

source, recruited workers encountered, not sugar solution,

but standardized paper discs impregnated with the same

scent. Paper discs were either untreated or had sugar added

in order to increase their quality. Comparison between as-

says using untreated and sugared discs of the same weight

allowed a distinction between workers' responses based on

the information they obtained during recruitment (which

was similar for workers recruited to a given sucrose solu-

tion), and those that resulted from their actual evaluation of

the disc quality (untreated or sugared disc). In a subsequent

experimental series, paper discs of different masses were

offered to analyze the effects of load mass on foraging

decisions (Roces, 1993).

The information about resource quality transferred by a
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single scout ant had several effects on the behavioral re-

sponses of recruited workers. The more concentrated the

solution found by the initial scout, the faster the recruited

workers ran to the source, even though they had no contact

with the sucrose solution. After collecting the standardized

(untreated) paper discs, the workers also ran faster, the more

concentrated the sugar solution initially found by the scout

ant. In other words, travel speed of recruited workers to and

from the nest depended on the information they received

about resource quality. As intuitively expected, disc-laden

workers ran more slowly than outbound workers. This re-

duction in speed, however, could not be attributed to the

effects of the load itself, since workers collecting discs of

the same weight, but with sugar added, ran as rapidly as

outbound, unladen workers.

Workers collecting sugared discs were observed to rein-

force the chemical trail on their way to the nest. The

percentage of trail-layers was higher when workers were

recruited to 10% sugar solution than to \
c
/c, despite the

collection of the same kind of discs at the source. These

facts indicate that workers' own evaluation of resource

quality depended on the perception of recruitment signals.

Such differences in responsiveness to the same stimulus (a

given sugared disc) can therefore be attributed to variations

in the worker's motivational state as a result of the infor-

mation they received during recruitment (Roces, 1993).

The observed decrease in speed after the collection of a

nonsugared disc, which could be intuitively attributed to an

effect of the load carried, turned out to be the result of a

reduced motivation of workers to carry such a material

when they have been informed about a high-quality resource

(a given sugar solution). That the load itself had no effect on

velocity was demonstrated when workers recruited to the

same sugar solutions collected sugared discs of the same

weight. In this situation, no reduction in velocity was ob-

served. The reduction in speed suggests, therefore, that

workers, through the information received during recruit-

ment, may have expected to find a resource of a given

quality, and their expectation was not confirmed by the

collection of a nonsugared disc. Even when workers were

recruited to a sugar concentration of 50%, to which they ran

with the highest speed recorded, they never reinforced the

chemical trail after the collection of a standard, nonsugared
disc, and their velocity turned out to be lower after collec-

tion. Those that found sweet discs of the same weight.

however, reinforced the trail, and showed no reduction in

speed (Roces. 1993).

These results point out the importance of considering the

motivational state of foraging workers when their behavior

is under scrutiny. This aspect has been largely disregarded
in the literature on insect behavior, despite early observa-

tions that flight velocity of outgoing (unladen) honey bees

depends on the concentration of the sugar solution they

collect (Frisch and Lindauer, 1955). Changes in the work-

ers' motivational state that depend on differences in re-

source quality are also suggested from measurements in

honey bees collecting at different flow rates of sugar solu-

tion (Nunez. 1982; Balderrama el <//.. 1992; Moffatt, 2000)

or sugar solutions of different concentrations (Seeley, 1986;

Stabentheiner and Hagmiiller, 1991).

Why do recruited workers run faster when they have been

informed about a richer source? The adaptive value of this

response might be assigned to the importance of a rapid

transmission of information about a newly discovered food

source. Workers arriving earlier to the nest can induce

nestmates to follow the trail, for instance via tactile stimu-

lation. At the initial phases of trail development, saving time

would be of great importance, in order to monopolize a food

source as soon as possible. The evaluation of resource

quality by recruited workers and. therefore, the probability

of reinforcing the chemical trail are, in part, dependent on

the information they received: that is, recruits seem to

partially rely on the decisions of the first successful ants to

amplify a recruitment process. That their decisions appear to

be "channeled" by those of the scouts, which may be

responsible for the integration of local signals with more

general information about resource quality and colony (fun-

gus) conditions, remains to be investigated (see below).

This interindividual variability during decision making (see

also Jaffe ct ai, 1 985 ) may be related to both the complexity

of food assessment by leaf-cutting ants and the need for

rapid responses to monopolize newly discovered sources.

As mentioned above, Acroinvnnex Itiiuli workers re-

cruited to rich food sources cut smaller fragments than those

recruited to poorer ones (Roces and Nunez. 1993). although

both groups found the same standard material at the source.

This behavior, unexpected from an individual point of view.

also indicates that, in the initial phases of trail development,

workers rely in part on the decisions made by the first

successful scout workers. By cutting smaller fragments,

they save time at the source and run back sooner to inform

about it through reinforcement of the chemical trail (Roces

and Nunez. 1993); this decision-making system ensures a

rapid build-up of workers to exploit the discovered source.

That this complexity in individual decision making indeed

affects the development of colony-level foraging patterns

was demonstrated under controlled laboratory conditions by

comparing the foraging behavior of satiated and harvesting-

deprived workers (Roces and Holldobler. 1994). Harvest-

ing-deprived workers cut smaller leaf fragments than did

satiated workers, a fact that appears counter-intuitive at the

individual level. This reduction in fragment size was ob-

served only in the initial phases of a recruitment process,

when information about the discovery is worth transferring.

And in fact, these responses correlated with the intensity of

recruitment: harvesting-deprived workers showed higher re-

cruitment rates than did satiated workers (Roces and Holl-

dobler, 1994).
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Individual Behavior and Colony Function

As discussed above, leaf-cutting ant workers are cen-

tral-place foragers (Orians and Pearson. 1979), since they

deliver resources to the nest. As a consequence, they may
be expected to maximize the rate of resource delivery to

this central place. For social insects in general, the anal-

ysis of worker responses in the framework of optimal ity

theory is particularly complex because the maximizing

agent is the colony as a whole and not necessarily each

individual worker. Thus, if the foraging performance of

the colony is enhanced through recruitment communica-

tion, one could expect a trade-off between time spent by

the individuals in collecting food and time spent recruit-

ing, even at the expense of a reduction in the foraging

performance of the individual. In fact, it has been shown

that leaf-cutting ant workers rarely maximize either their

individual gross rate of leaf delivery to the nest or their

individual energetic efficiency (Roces and Nunez. 1993:

Burd, 1996), suggesting that performance is maximized

at the colony level.

Interpretation of individual foraging performance, and

particularly its extension to assess foraging efficiency at the

colony level, is further complicated by the fact that a con-

siderable percentage of leaf-cutting ant workers on an active

foraging trail return to the nest unladen (between 13% and

75%, Hodgson, 1955; Cherrett, 1972; Lugo ct til.. 1973;

Lewis et til.. 1974h). Although a number of these unladen

workers can be involved in trail-clearing (Daguerre, 1945)

or transport of plant sap (Stradling. 1978), others seem to be

engaged in the reinforcement of the chemical trail or in a

combination of recruiting and food transport (Jaffe and

Howse, 1979). In addition, worker responses may differ at

different times during the beginning of a daily foraging

cycle (laboratory experiments: Roces and Holldobler, 1994;

field experiments: Bollazzi and Roces, 2001 ), or when for-

aging behavior is scrutinized along established foraging

trails (Burd, 2000) where the role of recruitment communi-

cation in regulating collective foraging has not been clearly

understood.

How are the individual responses integrated to generate a

collective response? At the colony level, foraging patterns

and the selection of suitable plants are particularly complex.

Mature colonies have a number of well-established loraging

trails that radiate from the nest. Several trails leading to

different plants are usually active during a daily foraging

cycle (Cherrett, 1968), with outgoing workers leaving the

nest using these different trails more or less simultaneously

(Lutz, 1929). It is unclear what kind of environmental cues,

colony cues, or both trigger the start of a daily foraging

cycle (Lewis et til.. 1974a,b). Simultaneous exploitation of

different food sources has been observed in large colonies

of several social insects. For honey bees and ants, it has

been shown that self-organizing processes are involved in

the collective choice between two simultaneously available

patches that differ in quality (Beckers et til., 1990; Seeley et

nl.. 1991). Such collective decision making works well,

even though individual workers manage local information

and do not directly compare the two alternatives. Laboratory

colonies of leaf-cutting ants, over very short distances of at

most I meter, rapidly exploit available resources and select

the most attractive one (Jaffe and Howse, 1979), with the

collective patterns being reproduced by models based on

simple decision rules and regulatory feedback mechanisms

(Jaffe, 1980). Such "explosive" processes may be relevant

under these reduced conditions, but may play a minor role

under Held conditions. In the field, colonies of leaf-cutting

ants were observed to repeatedly attack the same individual

plants over days, without completely defoliating them, and

then move on to others, returning to the former ones after

several days (Fowler and Stiles, 1980). This apparent con-

servative management of resources is probably brought

about by the responses of foraging workers to the differ-

ences in the relative quality of the vegetation being har-

vested. Whether the palatability of the plants changes after

leaf-cutting attack, a fact that may account for the dynamics

of plant choice, was not clearly demonstrated; and experi-

mental evidence indicates that this is not the case for some

species (Vasconcelos, 1997). In addition, leaf-cutting ant

workers show trail fidelity, with workers choosing the same

trail out of the nest over days (Shepherd, 1982). Taken

together, trail fidelity by workers and the long time intervals

that mediate the changes in foraging activity along partic-

ular trails (in the range of days or weeks) make it unlikely

that plant selectivity is based on competing self-organizing

foraging processes that occur at the nest, as has been de-

scribed for a small number of ant species under controlled

laboratory conditions (e.g., Beckers et ai, 1990). It is more

likely that scout workers visiting different food sources at

the end of, or close to, existing trails may base their decision

on whether to lay chemical trails on both the resource

quality actually perceived and on the information about

colony needs.

It is still unclear how foraging workers assess (and re-

spond to) the state of the symbiotic fungus. Recent evidence

indicates that changes in plant selectivity by workers

strongly depend on the effects of the previously collected

material on fungal growth, suggesting that foraging workers

manage information about the actual state of their symbiotic

fungus when selecting a plant outside the nest (see below).

Since foraging workers do not directly process the collected

leaf fragments, but instead transfer them to a "working

chain" inside the nest, their responses are expected to be

ultimately controlled by regulatory feedback loops involv-

ing information transfer between fungus and gardening

workers, and between gardening workers and foragers.
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Perspective

Plant material harmful to the fungus may cause foraging

workers to cease harvesting of these plants. Once the colony
has commenced rejecting a particular plant material, it will

continue to refuse it for days or even weeks, a phenomenon
called "delayed rejection" (Knapp et til., 1990). As men-

tioned above, it has been demonstrated that leaf-cutting ants

learn to reject plant material that contains chemicals harm-

ful to the fungus (Ridley el a!.. 1996; North ct til.. 1997).

Ridley et al. (1996) provided bait containing a fungicide,

which was initially carried into the nest by the foragers.

Eventually, workers stopped foraging on the bait, and this

rejection was maintained for weeks. Interestingly, these

colonies also rejected bait that contained no fungicide, so

that the authors hypothesized that if the substrate causes

toxic effects on the fungus, the fungus will produce a

chemical signal that acts as a negative reinforcement to the

ant servicing that particular fungus garden. North et til.,

( 1999) attempted to trace the pathway of this putative fungal

signal. Their results suggest that a signal produced by the

fungus does not affect the foragers directly, but indirectly

via nest workers that interact with the fungus. Indeed, some

of their results suggest that the information is transferred

from smaller fungus-garden workers to the larger foraging

workers. This putative chemical signal produced by the

fungus has not been identified, and the authors discuss an

alternative hypothesis that rejection may occur when ants

detect fungal breakdown products from unhealthy or dead

fungus. The workers would then associate dead fungus with

the flavors of the treated bait. In fact, it is known that

leaf-cutting ants learn the odors associated with food

(Roces, 1990b, 1994b; Howard et al.. 1996).

These considerations show that we are far from under-

standing the regulation of foraging behavior and the emer-

gence of collective, colony-level responses. Although some
basic features of self-organizing systems, such as the exis-

tence of regulatory positive and negative feedback loops,

are expected to be involved in the collective organization of

foraging by leaf-cutting ants (Jaffe and Howse, 1979). in-

dividual responses appear to be particularly complex. And
this seems also to be the case for the organization of social

foraging in fire ants, which was described 40 years ago
(Wilson. 1962) and has repeatedly been discussed as an

example of decentralized colonial decision making. Even

though collective responses ("mass recruitment") are orga-
nized by information transmitted from one group of indi-

viduals to another, recent evidence indicates that individual

ants are able to display a complex array of modulatory
communication signals that influence the development of

such collective responses (Cassill. 2001 ).

As recently asserted by Deneubourg et al. (1999), self-

organization and individual complexity need not be mutu-

ally exclusive processes. I propose that, to understand to

what extent individual complexity contributes to generating
a collective pattern, we should rise to the challenge of

integrating theoretical arguments with empirical research,

focusing on the precise mechanisms underlying individual

decision making and collective responses in large ant col-

onies. In particular, elucidating how leaf-cutting ants per-

ceive changes in fungal productivity and use this informa-

tion to alter their own quality criteria for plant selection

remains a major challenge in understanding their individual

foraging behavior, and ultimately their herbivory patterns.
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Abstract. Self-organization, or decentralized control, is

widespread in biological systems, including cells, organ-

isms, and groups. It is not, however, the universal means of

organization. I argue that a biological system will be self-

organized when it possesses a large number of subunits, and

these subunits lack either the communicational abilities or

the computational abilities, or both, that are needed to

implement centralized control. Such control requires a well

informed and highly intelligent supervisor. I stress that the

subunits in a self-organized system do not necessarily have

low cognitive abilities. A lack of preadaptations for evolv-

ing a system-wide communication network can prevent the

evolution of centralized control. Hence, sometimes even

systems whose subunits possess high cognitive abilities will

be self-organized.

Introduction

Self-organization is widespread in biological systems.

That is to say, it is common to find biological systems that

function without guidance from an external controller, or

even from an internal control center. Instead, we often find

that biological systems function with mechanisms of decen-

tralized control in which the numerous subunits of the

system the molecules of a cell, the cells of an organism, or

the organisms of a group adjust their activities by them-

selves on the basis of limited, local information. An apple

tree, for example, "wisely" allocates its resources among

woody growth, leaves, and fruits without a central manager
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of its cells. Likewise, an ant colony "intelligently" distrib-

utes its work force among such needs as brood rearing,

colony defense, and nest construction without an omniscient

overseer of its workers. Much of the challenge in under-

standing the inner workings of living systems arises from

their use of decentralized control mechanisms, which are

harder for the human mind to grasp than centralized control

mechanisms. This is why mathematical models, computer

simulations, and the other tools used by investigators of

self-organization (Bonabeau et ai. 1997: Camazine et <//.,

2001 ) are helpful in building a solid understanding of how

living things work.

Given that self-organization is widespread in biological

systems, the question arises of why this is the case. In this

essay, I will share my thoughts on this issue. My views

derive partly from what I have learned through studying one

of nature's most accessible self-organized systems, the

honeybee colony, and partly from what I have learned

through reading various works in the fields of biology,

economics, and engineering.

The biological systems I will be considering are all ones

in which the genetics interests of the system's subunits are

largely, if not entirely, congruent; hence the subunits coop-

erate closely for the effective functioning of the system as a

whole. Such systems are what Dawkins (1982) has called

vehicles: thoroughly integrated entities that have evolved to

foster the survival and reproduction of the genes they con-

tain. These systems include single-celled creatures, multi-

cellular organisms, and even some animal societies, such as

colonies of honeybees and army ants. Hence, this essay

relates to the general issue in biology of how functionally

integrated entities arise, or individuation occurs, at various

hierarchical levels (Maynard Smith and Szathmary, 1995;

Seeley, 1995; Bonner, 1998; Sober and Wilson. 1998;

Keller, 1999; Michod, 1999; Wilson, 1999). In addressing

the question of where self-organization occurs in biological
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systems, we examine an issue that applies across the hier-

archical spectrum.

The Importance of Communicational and

Computational Abilities

My basic argument is this: a biological system will be

self-organized if it consists of a large number of subunits,

and these subunits do not possess the communicational and

computational abilities needed to implement centralized

control, which necessarily involves a well informed and

highly intelligent supervisor.

As Friedrich von Hayek (1945) and Herbert Simon

(1962) pointed out long ago, centralized control of any large

system requires ( 1 ) that a tremendous amount of informa-

tion usually dispersed among all the subunits of the sys-

tem be communicated to a central decision-making body

(one subunit or a group of subunits), (2) that this body

integrate all this information to decide a course of action,

and (3) that it then issue instructions to the other subunits in

the system. When we look across the range of functionally

integrated entities in nature, we see that some have indeed

evolved the sophisticated communicational and computa-
tional mechanisms required for some degree of centralized

control. In the adult form of many metazoan organisms, for

example, we find an elaborate peripheral nervous system
that makes possible the rapid transmission of information

throughout the organism, and a sophisticated central ner-

vous system that processes the sensory input and decides

most of the motor output for the organism. Likewise, in

some of the colonial marine invertebrates, particularly the

swimming colonies of the Siphonophora, we find a colony-

wide network of nerves and a simple brain that together

support a rudimentary level of centralized control of the

propulsion zooids within a colony (Mackie, 1986). And,

obviously, we humans have developed sophisticated com-

municational and computational technologies that make it

possible for certain human groups, notably military and

manufacturing units, to function with a high level of cen-

tralized, hierarchical control (Bartholdi. 1993).

Besides these biological systems that function with some

degree of centralized control, there are many others that

operate with little or no central authority. These are self-

organizing systems. Their subunits have not evolved either

broad communicational networks or powerful computa-
tional abilities: thus it is not surprising that they operate

without central planning. For instance, no species of social

insect has evolved anything like a colony-wide communi-

cational network that would enable information to flow

rapidly and efficiently to and from a central manager. More-

over, no individual within a social insect colony is capable

of processing huge amounts of information. (Contrary to

popular belief, the queen of a colony is not an omniscient

individual that issues orders; rather, she is an oversized

individual that lays eggs. The biblical King Solomon was

correct when he noted, in reference to ant colonies, there is

"no guide, overseer, or ruler" [Proverbs 6:7]). Therefore, it

is not surprising that social insects with large colonies

provide us with striking examples of self-organized sys-

tems. Other good examples in biology are multicellular

animals during development that is, before they have as-

sembled their communicational networks (peripheral ner-

vous systems) and central computers (central nervous sys-

tems): plants at all levels of evolutionary sophistication

(nonvascular and vascular forms): and bacterial colonies

(reviewed in Camazine et /.. 2001; see also Shapiro and

Dworkin, 1998).

Why Is There Self-Organization?

Given that some biological systems have evolved cen-

tralized control, it is clear that self-organization is not al-

ways the best means of coordinating the subunits in a

system. The absence of a central authority leaves a system

(of molecules, of cells, or of organisms) prone to opposing

actions among its subunits. for they will respond to their

different, local conditions rather than to the shared, global

situation of the system as a whole. Colonies of social insects

frequently experience this problem, such as when an ant

colony changes nest sites and some workers carry brood

items out of the old site while others carry them back in

again (Wilson, 1971. p. 224). Also, when no one is super-

vising a system, needless redundancies are apt to arise

within it. The IBM corporation experienced precisely this

problem in the 1980s when it decentralized its operations

and costly duplications of activities arose among its divi-

sions (Drucker, 1988). Furthermore, the absence of a cen-

tralized authority within a system can limit its ability to find

the globally optimal solution to a problem and can even

render it vulnerable to getting stuck in a pathological state.

A gruesome example of this is the "circular mill" of Eciton

army ants in Guyana that William Beebe (1921; cited in

Anderson and Bartholdi, 2000) described: a circle, measur-

ing some 100 m in diameter and lasting for two days, of ants

continuously following each other round and round, and

gradually dying from exhaustion. In short, systems with

decentralized control can easily lack "the vision thing."

Despite the potential problems of decentralized control

(self-organization), many biological systems do rely on it.

One can ask whether these systems have been unable to

evolve mechanisms of communication and computation suf-

ficient to support centralized control (i.e., centralized con-

trol is an adaptive peak, but one that is hard to reach) or

whether they have experienced selection pressures that fa-

vor low communicational abilities or low computational

abilities, or both (i.e.. centralized control is nor an adaptive

peak). I believe that the first reason explains the widespread

existence of self-organization in social insect colonies. The
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subunits in these colony-level systems, unlike those in or-

ganism-level and cell-level systems, do not form stable,

physical connections. With the exception of human groups,

which possess advanced technologies for communication,

all biological systems with powerful communication net-

works have their subunits arranged in stable configurations

with solid connections between the subunits. Such spatial

stability and connectivity evidently facilitates the evolution

of a system-wide communication network. Thus it appears

that colonies of social insects, whose workers typically

move about within the nest, lack a crucial preadaptation for

evolving sophisticated, colony-wide communication sys-

tems.

The second possible reason for decentralized control, that

it is more adaptive than centralized control, may apply in

situations where the high costs of centralized control are not

compensated by high benefits. Certainly there are high costs

to having the sophisticated communicational and computa-

tional abilities that underlie centralized control. Just con-

sider the high metabolic costs of maintaining the nervous

system of a metazoan organism, or the high financial costs

of maintaining the industrial engineering department of a

manufacturing enterprise. One American food distributor,

for example, employs two engineers and one programmer to

maintain the work-content models for managing their ware-

houses, at a cost of $250.000 annually (B. Little. Manhattan

Associates, cited in Anderson and Bartholdi, 2000). For

centralized control to evolve, such high costs must be out-

weighed by high benefits. It is not hard to imagine situations

where there are actually low benefits to having centralized

control. One is when a biological system is highly suscep-

tible to the loss of subunits. perhaps through predation or

disease. In a system with centralized control, the loss of the

central manager can result in a catastrophic failure of the

entire system. In contrast, systems with decentralized con-

trol are generally robust to the loss of subunits. Anderson

and Bartholdi (2000) compare the characteristics of central-

ized and decentralized control paradigms and discuss the

logistical situations in which each type of control is likely to

yield high benefits. Their article focuses on manufacturing

operations, but because it is inspired by the ways that social

insects have solved problems of colony organization, it has

much relevance to biological systems.

Self-Organization and the Cognitive Abilities

of Subunits

I have presented the view that high communicational and

computational abilities in a system's subunits are essential

for the evolution of centralized control in large systems, for

without such abilities centralized control cannot be imple-

mented. This view implies that biological systems whose

suhunits lack broad communicational abilities or sophisti-

cated computational (cognitive) abilities, or both, must

function with decentralized control. I wish to stress, how-

ever, that the subunits in a self-organized system do not

necessarily have low cognitive abilities. The subunits might

possess cognitive abilities that are high in an absolute sense,

but low relative to what is needed to effectively supervise a

large system. A human being, for example, is an intelligent

subunit in the economy of a nation, but no human possesses

the information-processing abilities that are needed to be a

successful central planner of a nation's economy. It is also

possible that the subunits possess high cognitive abilities,

but are in a system that lacks an extensive communication

network. Such subunits would be highly intelligent, but

poorly informed. A worker honeybee, for example, is an

intelligent creature (see below) that functions in a system

that lacks a communication network capable of supporting

centralized control.

It is important to consider the issue of the cognitive

abilities of the subunits in decentralized (self-organized)

systems because it points to a fundamental flaw in many
studies of self-organization: the assumption that the sub-

units in a self-organized system are dumb. This viewpoint is

generally expressed in terms of "simple individuals" (e.g..

Goss and Deneubourg. 1988: Strickland et til., 1993) fol-

lowing "very simple rules of behavior" (e.g., Camazine et

til., 1990; Jenkins et til., 1992: Strickland ct til.. 1992) or

executing "simple stimulus-response acts" (Camazine et al.,

2001, p. 488). It is certainly true that many studies have

shown that decentralized control can produce complexity at

the system level for example, the intricate nests and for-

aging operations of social insect colonies without need for

comparable complexity at the individual level (Theraulaz

and Bonabeau. 1995; Bonabeau, 1998; Theraulaz ct til.,

1998; Karsai. 1999). This does not, however, prove that the

subunits in the systems studied lack behavioral complexity

and high cognitive abilities; it indicates only that the sub-

units did not show complexity in these studies, most of

which involve a deliberate simplification or even a mere

simulation of reality.

The implicit assumption of dumb subunits underlying

most studies of self-organization could be tested for social

insects by looking at individual complexity in relation to

colony size. If individual complexity decreases as colony

size (and decentralization/self-organization) increases, the

dumb subunits paradigm gains credence. However, there is

no compelling evidence of an inverse relation between

individual complexity and colony size (Anderson and Mc-

Shea, 2001 ). The workers of large colonies do show a loss

of totipotency. especially with respect to reproductive po-

tential (Crespi and Yanega, 1995; Bourke, 1999), and they

do show a loss of structures associated with reproduction

(e.g., ovaries in ants); but they do not show signs of reduced

behavioral or cognitive complexity. Indeed, one can make a

strong argument that the cognitive complexity of individu-

als needs to be greater in species with large colonies than in
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those with small colonies, especially when the workers do

not have lifelong task specializations (e.g., physical poly-

ethism) hut instead perform different tasks at different

stages of life (e.g., temporal polyethism). As colony size

evolves to higher levels, new ecological opportunities and

problems arise that can favor the evolution of additional

behaviors, such as recruiting to food sources, activities for

fighting diseases, colonial thermoregulation measures, and

coordinated ambushing of prey. Also, new. more efficient

ways of organizing work can evolve, such as task partition-

ing (Jeanne. 1986: reviewed by Ratnieks and Anderson,

1999) and teamwork (Anderson and Franks, 2001): and

these necessitate the evolution of behavioral mechanisms

for coordinating the individuals working together on a task.

Bonner ( 1988) makes similar arguments for systems of cells

in the evolution of multicellular organisms: as the size of an

assemblage of cells increases, new opportunities and new

needs arise for more sophisticated methods of food acqui-

sition, gas exchange, and internal circulation.

My view that self-organized systems can be composed of

subunits possessing high cognitive abilities is based on my
experience in analyzing the functional organization of

honeybee colonies. These are large biological systems that

function with decentralized control (Seeley, 1995) and that

are composed of subunits worker bees whose cognitive

sophistication is certainly impressive. One indication of this

sophistication is the large number of signals (17) and cues

(34) that we know workers are sensitive to inside a hive

(reviewed in Seeley, 1998). Another indication is the re-

markable behavioral versatility of worker bees and their

impressive ability to integrate information when deciding

how to behave; they do not follow "very simple rules of

behavior" or execute "simple stimulus-response acts." Con-

sider, for example, the actions of a worker bee scouting a

nest site, starting when she has discovered a promising tree

cavity. She first spends 20-40 minutes inspecting the site,

acquiring information about the cavity's volume, the size of

its entrance, its height off the ground, its exposure to sun

and wind, and still other variables (Seeley. 1977; Seeley and

Morse, 1978). In short, she makes a multifactorial evalua-

tion of her find. She then integrates the information that she

has acquired about her site to determine its overall desir-

ability as a future dwelling place. Next, she returns to the

swarm cluster, where she performs a waggle dance to ad-

vertise her site to the other scout bees (Lindauer. 1955).

Because the recruitment target is small, just the entrance

opening to her site, she adopts a special form of the dance;

she produces waggle runs with less directional scatter

(thereby indicating the target's direction with greater preci-

sion) than she would if she were advertising a spacious

patch of flowers (Weidenmiiller and Seeley, 1999). More-

over, she skillfully adjusts both the duration and the rate of

her production of waggle runs in relation to the desirability

of her site (Seeley and Buhrman, 2001 ). and she gradually

reduces the number of waggle runs produced per return to

the swarm over sequential returns (Seeley. unpubl.l. All of

these tunings of her dance behavior are important to the

consensus-building process whereby the scouts of a swarm

collectively choose its new home. Once the swarm's domi-

cile has been chosen, our scout somehow senses this, ceases

waggle dancing, and starts producing a different signal,

called u-int>.<i-ti>!>i'tlier piping. This signal stimulates the

non-scouts in the swarm to warm themselves to a flight-

ready temperature (35C) in preparation for liftoff (Seeley

and Tautz, 2001 ). Finally, once all the bees in the swarm are

suitably warmed, the scout stops piping and starts producing
a third signal, called buzz running, which triggers the

break-up of the cluster (Lindauer, 1955; Esch, 1967).

There can be no doubt that a worker honeybee is a

sophisticated piece of biological machinery; one that is

exquisitely sensitive to its environment and that makes

intricate adjustments of its behavior in adaptation to the

ever-changing state of its environment. After all, the sketch

lust painted of a scout bee's actions does not capture the full

complexity of her behavior, and the complexity of a scout

bee's behavior is but a small fraction of the full complexity

of a worker bee's behavior across her life (when she also

functions as a cleaner bee, nurse bee, food-storer bee. for-

ager bee. etc.). Such complexity in the behavior of a worker

bee shows us that the subunits in a self-organized system

can possess a high level of cognitive sophistication. This

fact must be kept in mind by investigators of self-organiza-

tion in biological systems, especially systems that are ani-

mal groups, lest we hold a falsely simplified view of life.
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